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Abstract
Luminescent Solar Concentrators (LSCs) collect and concentrate sunlight for use in
solar power generation. First proposed over 30 years ago, LSCs are simple devices consisting
of a planar waveguide coated or impregnated with a fluorophore. Sunlight absorbed by the
fluorophore, reemitted into the waveguide, and concentrated at the edges of the collector.
The most substantial problem with previous iterations of LSC technology is that they
suffer from escape cone losses (photons lost through the top and bottom of the waveguide)
that limited their size and efficiency. In this study, the reduction in escape cone losses was
studied through alignment of the embedded fluorophores. By orienting the embedded dyes
homeotropically such that its transition moment (absorption dipole) was perpendicular to the
plane of the waveguide, photon emission was directed primarily parallel to the plane, thus
trapping the photon via a process called total internal reflection (TIR).
Beginning with a perylene bisimide (PBI) core used in the industry standard
Lumogen© series of dyes, the alignment and solubility of the dye was increased 3-fold in the
liquid crystal matrix 4-cyano-4’-pentylbiphenyl (5CB) compared to Lumogen F Orange 240
(LumO). This was accomplished by attaching different primary amines and substituted
anilines at the imide nitrogens resulting in an increase in aspect ratio and varying degrees of
steric hinderance around the PBI core.
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Chapter 1. Introduction

1.1 Renewable Energy
With rising levels of atmospheric carbon dioxide and falling oil reserves, it is now
more important than ever to change the current energy paradigm from a fossil fuel based
economy to a more sustainable alternative. Over the past century, as the world has shifted
from an agrarian to an industrial society, there has been a steady increase in global
temperatures caused by the increase in emission of greenhouse gases as a result of the
burning of fossil fuels (Figure 1.1).

Figure 1.1. A graph depicting the trend in global temperature difference from 1880 to 2011.1

In a recent report, Heinberg defined five conditions that a future primary energy source
substitute should satisfy:2
1. Must provide a substantial amount of energy, ~25% of global consumption.
2. Must have an acceptable environmental, social, and geopolitical impact.
3. Must be renewable.
4. Must not depend on the exploitation and use of scarce materials.
5. Must have an Energy Return on Energy Investment (EROEI) of 10:1 or above.

The usual candidates in the field of alternative fuel technology such as hydroelectric,
biofuels, geothermal and nuclear all fail to meet one or more of the above criteria. Supply of
uranium, the fuel for nuclear reactors, is expected to peak somewhere between 2015 and
2035.3 The use of geothermal energy is fraught with many of the same geopolitical issues
facing fossil-fuel extraction in that locating geothermal resources is expensive and risky with
a far lower success rate for drilling discovery wells.3 Biofuels require the same land and
water currently used in the production of food thereby impinging on the increasing scarcity
of arable land.3 In the hydroelectric sector (waves and tidals), many of the remaining sites
amenable to harvesting potential energy are located too far away from demand centers to be
scalable for energy transport.3
The two energy sources that meet and in some cases exceed the criteria stated above
are wind and solar, but, they are not without their obstacles. The barrier to full scale
implementation of wind power is mostly aesthetic, owing to the obtrusive size of modern
windmills at an average height of 120 meters and placement primarily in areas of high
property value such as coastal regions and undulating hills.3 Conversely, solar has
demonstrated the potential for seamless urban integration at the small-scale level while on
larger scales it is being administered in rural uninhabitable areas such as deserts with the
main drawback being the need for a high initial capital investment.3

1.2 Conventional Solar Power
Sunlight provides the earth with more energy in 1 hour than is consumed on the
planet in an entire year (132,000 TWh).4 Currently, the principle means for harvesting some
2

of this energy is through photovoltaic (PV) and concentrated solar power (CSP) technology.
CSP systems redirect incident sunlight and capture the radiation in the form of thermal
energy. The thermal energy carried by a heat transfer fluid (HTF), such as water or oil, is
then converted into electricity through mechanical means via a heat engine or turbine.
Photovoltaics use a more concise route to capture the suns energy. PVs are able to convert
solar radiation into electricity directly by taking advantage of the photoelectric effect (Figure
1.2).

Figure 1.2. A diagram of the photoelectric effect depicting the
frequency dependence of electron ejection.

The photoelectric effect is a property of matter that manifests as electron ejection from a
material upon bombardment with a particular minimum frequency of light. In traditional
silicon PVs, light with a wavelength of ~1100 nm (2.73 x 1014 s-1) or less creates an electronhole pair that can be used to generate electricity.
Of the two options, the technology most geared towards supplanting fossil fuels is
concentrated solar power as it has been implemented in large scale in a number of industrial
nations across the globe.5 The most advanced of these systems employ some degree of solar
tracking in order to maximize the solar flux incident at their foci throughout the day.

3

One of these technologies is known as a parabolic trough collector (PTC). A PTC
consists of a sheet of reflective material bent into a parabolic shape. Sunlight is reflected off
the parabolic trough and concentrated at the focal line. Along the focal line is a receiver in
the form of a black metal pipe of which the HTF travels through. The receiver, encased in
glass to decrease convection losses, is connected to the turbine by a long pipe that carries the
HTF to a pressurized chamber where the thermal energy is used to generate the steam that
drives the turbine and in turn generates electricity (Figure 1.3).

Figure 1.3. (Left) A schematic of a Parabolic Trough Collector. (Right) An actual photo of a
PTC farm in the California desert. 6,7

A similar CSP technology is known as the Heliostat Field Collector (HFC). HFCs consist of
a large array of individually oriented flat mirrors distributed around a central receiver
mounted atop a tower (Figure 1.4). The advantage of this arrangement is that directing all the
radiation to a single receiver minimizes heat loss, and simplifies both the transport and
storage of heat in comparison with PTC systems. The disadvantage of HFC technology is
that each mirror of the array requires its own sun-tracking device, which drives up system
costs.

4

Figure 1.4. (Left) A schematic of a Heliostat Field Collector. (Right) An actual photo of a
HFC system currently operation in Spain. 8,9

A third commonly employed variation of CSP technology are parabolic dish collectors
(PDC). PDCs are point focus collectors that convert solar radiation into electricity via a heat
engine and alternator mounted at the focal point (Figure 1.5).

Figure 1.5. (Left) A schematic of a Parabolic Dish Collector. (Right) A photo of a PDC depicting
the modularity of its optics and the large power conversion unit located at the focus. 10,11

5

Most of the technology in these modular systems is contained in the power conversion unit
mounted at the foci making upgrades and maintenance a straightforward task manageable in
a short-time frame (hours).3
With current CSP technology, sophisticated optics allows for concentration of solar
radiation by a factor of 10,000. Together with sun-tracking devices, this high intensity
radiation makes it practical to invest in technologies that rely on more expensive raw
materials, such as Concentrated Photovoltaics (CPV) (Figure 1.6).

Figure 1.6. (Left) A schematic of Concentrated Photovoltaic system. (Right) A photo
of CPV technology employed in Arizona. 12,13

CPV technology blends optics with high performance photovoltaics that rely on
multi-junction solar cells assembled from rare earth metals such as indium, gallium, and
germanium. They operate by using three different semiconducting materials having bandgaps
of decreasing energy that operate most efficiently at different areas of the solar spectrum
(Figure 1.7).

6

Figure 1.7. (Left) A diagram depicting the layout of a multi-junction PV. (Right) A graph of the
Air Mass 1.5 solar spectrum overlayed with colors corresponding to the PV most efficient at
turning that section of the spectrum into electricity.14

The drawbacks to CPV technology are two-fold. While efficiency increases with increasing
concentration ratios, excessive heat can be detrimental to the lifetime of the solar cells. This
in turn creates the need for cooling systems that take away from the overall power output.
Additionally, CPV technology continues to rely on expensive semiconducting materials, so
without significant advances in pyrite and amorphous-Si PVs, depletion of its most essential
component could limit deployment of the technology.

1.3 Luminescent Solar Concentrators
The desire to achieve solar power generation unencumbered by the aforementioned
obstacles has spurned a renewed interest in Luminescent Solar Concentrators (LSC).
Compared to other concentrator technologies, such as mirror- and lens-based systems, LSCs
7

have higher theoretical concentration factors, can collect both diffuse and direct sunlight
without the need for solar tracking, and deliver “cool”, bandgap-matched photons to the
photovoltaic (PV) cells. Shown in Figure 1.8 below is a diagram of the key features of a
novel LSC proposed by the WWU SOLAR group.

(1)

(5)
(6)
(4)

(2)

(3)

Figure 1.8. A diagram depicting the multilayer design of the WWU SOLAR group
LSC. (Top) Red aligned layer. (Bottom) Isotropic layer. (Right) Edge-mounted PVs.

(1) Diffuse sunlight enters the planar waveguide passing through the red aligned fluorophore
layer (top) and enters the isotropic layer (bottom) containing the Lumogen© series of dyes.
8

(2) The cascade effect: photons are absorbed across the UV-Visible spectrum and cascaded
to 577 nm via overlapping emission and absorption spectra. (3) A photon reenters the aligned
layer and is absorbed by a red emitting oriented dye. (4) Non-radiative decay: absorbed
photons are lost through vibrations, collisions, and molecular rearrangements without the
release of a photon. (5) Escape cone loss: photons emitted above the critical angle are lost out
of the top of the waveguide. (6) A photon emitted below the critical angle propagates towards
the photovoltaics along the periphery via total internal reflection (TIR).
The key component of any LSC design is the fluorophore itself. In our system it is the
cooperative interaction of multiple fluorophores that makes the system unique. Much like the
different bandgap energies in a multi-junction PV, overlapping absorption and emission
spectra among the dyes allows light absorption from a large portion of the solar spectrum and
electron hole pair creation via edge emission at a wavelength matched to the bandgap of the
edge mounted PVs.
As alluded to in Fig. 1.8, there are three major components to this LSC device: the
top oriented layer, the bottom isotropic layer, and the PV along the periphery. The edge
mounted PVs are simply commercially available crystalline-Si solar cells attached without
further modification. The isotropic layer consists of a set of 4 randomly oriented dyes
spanning the UV-Visible spectrum from 350 – 575 nm whose absorption-emission profiles
overlap. The oriented layer contains only the terminal or reddest emitter of the dyes and is
aligned perpendicular to the surface such that its emission will be predominantly parallel and
below the critical angle.

9

1.4 Ideal Fluorophore
Previous iterations of LSCs have suffered from low photon distance propagation,
limiting efficiency and size of the device.15,16 The reason for this is not due to the mode of
propagation itself, TIR, which can theoretically continue indefinitely and is widely employed
in optical telecommunications, but instead due to intrinsic properties of the embedded dyes.
More specifically, low quantum yield and order parameter (alignment) lead to increased
losses through non-radiative decay and escape cone losses as a function of distance from the
edge of the concentrator.17
Because of the cascade effect, at distances greater than 5 cm from the edge all
electron hole-pair creation originates from photons emitted from the terminal dye.17,18
Therefore, in order to curtail escape cone losses the only emission angle that must be
controlled is that of the terminal dye. While the crux of the propagation issue lies in the
orientation, it is not the only desirable trait of the reddest emitting dye.
The ideal fluorophore for this application would possess the following properties:
1. High Fluorescence Quantum Yield (FQY)
2. Good Photostability
3. Long Emission Wavelength
4. Good Solubility
5. Good Alignability
6. Large Stokes Shift

10

Fluorescence quantum yield is a ratio between 0 and 1 defined as the number of
photons emitted through fluorescence divided by the total number of photons absorbed (eq.
1.1). Shown in Figure 1.9 is a Jablonski diagram depicting the process of fluorescence and
the other relaxation mechanisms of excited state molecules.

FQY =

photons emitted

(1.1)

photons absorbed
A = photon absorption
F = fluorescence (emission)

Sn

P = phosphorescence
S = singlet state

S2

T = triplet state

IC

ISC = intersystem crossing

S1
Energy

IC = internal conversion

T2
A

F

ISC

IC
T1
P

S0
electronic ground state
Figure 1.9. A Jablonski diagram depicting the relaxation mechanism for excited state molecules.
Absorption (blue arrow). Emission (green arrow). Internal conversion (black arrow). Intersystem
crossing (grey arrow).

When a photon is absorbed that has enough energy to excite an electron from an occupied
orbital to an unoccupied one it is called an electronic excitation (blue arrow). This event
11

takes a molecule from its ground state (S0) to an excited (higher energy) state (S1 or S2).
Once in the excited state, the molecule releases energy through nonradiative means such as
vibrational, rotational, and translational motion until it reaches the lowest level of the first
excited state in a process called internal conversion (black arrow, S1). Furthermore, provided
there is a long lived excited state, some molecules can undergo a nonradiative transition
known as intersystem crossing (ISC) to a triplet excited state (grey arrow, T2).At this point
most molecules continue down nonradiative pathways of dissipating energy, however, if
there is sufficient overlap between the orbitals of the ground and excited states the molecule
will relax all at once through the release of energy as a single photon (green arrow =
fluorescence, red arrow = phosphorescence).
To prevent excessive losses due to nonradiative decay, the required FQY must be �
0.9. Excluding other possible loss mechanisms, as a photon is cascaded from the bluest to the
reddest emitter it will undergo on average a minimum of 3 absorption events.19 Each
successive photoexcitation refreshes the probability of a photon being lost through
nonradiative decay processes; giving the original photon a less than 73 percent (0.9 x 0.9 x
0.9) chance of reachin the edge.
Photostability refers to a molecule’s ability to withstand the suns rays for a prolonged
period of time without degradation. In order to maintain the cost benefit gained from reliance
in cheap organic materials it is estimated that the LSC structures consiting of dye embedded
polymethyl methacrylate (plexiglass) must be resiliant enough to maintain a reasonable
efficiency for 10 years or more. The main culprit is photooxidation or photobleaching, where

12

a molecule in the excited state (after ISC) reacts with triplet oxygen thereby forming a new
molecule and often quenching all fluorescence activity.
Emission wavelength is important to the efficiency of an LSC because it is ultimately
the determining factor in the amount of the solar spectrum that can be absorbed. The bandgap
of a conventional crystalline-Si (c-Si) solar cell is 1.1 eV (1150 nm). Using the cascade
effect, it is theoretically possible to collect all of the photons incident on the earth’s surface
below the c-Si bandgap from 350 – 1075 nm and emit them as “cool” (low energy photons =
less excess waste heat) bandgap matched photons of 1100 nm. The challenge with this is that
as the emission wavelengths move into the near-infared and infared (IR) regions of the
spectrum the quantum yields of the corresponding dye tend to decrease dramatically due to
the energy gap between the excited and ground state being on the order of the competing
nonradiative processes (Figure 1.8, (4)).
Solubility is another property of the fluorophores that is essential to the overall
efficiency of the system as it allows for an increase in the amount of light absorbed without
substantial increases in the path length that would be detrimental to the geometric gain.
Geometric gain (G) is what gives an LSC its concentration factor and is analogous to the
ratio of areas of the primary and secondary mirrors in CPV systems or the ratio between the
area of the optics versus the area of the HTF encasing in other CSP systems.20 In an LSC the
concentration factor, or geometric gain, is defined as the area of the collection surface
divided by the area of the edges.20,21 With a set of fluorophores that have a high solubility in
the selected matrix it is possible to have a very thin waveguide while still absorbing � 90
percent of the incident sunlight.
13

Alignability is the aspect of the currently described LSC system that sets it apart from
others. The ability of a molecule to align within a given matrix depends both on its rod-like
character as well as precise interactions with the matrix molecules themselves. A high aspect
ratio is usually accompanied by large dichroism. Dichroism, the degree to which photons of
different polarizations are absorbed, is advantageous to orientation because it causes the
molecule to act as an oscillating dipole with emission primarily perpendicular to the longmolecular axis. By having the fluorophores oriented homeotropically (perpendicular to the
plane of the LSC), escape cone losses that represent the fate of roughly 1 in 4 emitted
photons in an isotropic sample, can be significantly reduced.21
The Stokes shift is the difference between the wavelength of maximum absorption
and maximum emission. This shift is a consequence of the quantum mechanical selection
rules of electronic and vibrational transitions within a molecule. Shown in Figure 1.10 is a
UV-Vis and fluorescene spectrum of the perylene dye Lumogen Orange.

Figure 1.10. A UV-Vis and
Fluorescence spectrum acquired in
CHCl3 of Lumogen Orange with
absorption and emission maxima at
527 and 531 nm, respectively, and
the overlap area shown in purple.
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As shown in Figure 1.10, there is only a 4 nm difference between the absorption maximum
(blue) and emission maximum (red). In molecules with high quantum yields such as
Lumogen Orange with a FQY of 1, this scenario is not uncommon. The reason a large Stoke
shift is so important is related to both escape cone and FQY via reabsorption losses. When
there is a significant amount of overlap (purple) between a molecules absorption and
emission, the probability of reabsorption by another molecule of the same compound
increases. This means that even after a molecule emits a photon below the critical angle,
having overcome the probability of escape cone loss and nonradiative decay, it may be
reabsorbed by a neighboring dye molecule before reaching the edge and thus have to undergo
emission again.
Among the aforementioned properties detailed, the family of dyes known as the
perylene bisimides embodies most of them. It has a high FQY due to the rigidity in the
perylene core, the bisimde groups attached at the peri-position of the perylene core give it
good photostability by removing electron density, thus making it more difficult to oxidize,
and the emission wavelength can be increased through addition of auxillary groups bearing
lone pairs in the bay region (described in Ch. 2). The following sections of this thesis will
explain how we are able to build upon these desireable photophysical properties and
synthesize derivatives with higher alignment and solubility in liquid crystal matrices and the
relationships they revealed between order parameter, aspect ratio, solubility in LC, and
sterics.
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Chapter 2. Synthesis

2.1 Perylene Dyes
Perylene based dyes, particularly their bisimide derivatives, have been the subject of
extensive research for the past 50 years. Owing to their unique combination of optical and
photophysical properties, research projects involving perylene dyes in the literature can vary
from established axioms such as commercial dyes and pigments to more ambitious endeavors
where their properties are being applied to the development of new organic semiconductors,
field-effect transistors and light harvesting arrays.22,23,24,25
In the pursuit of creating more efficient LSCs we have recently compiled a study on
the effect of molecular morphology on alignment and solubility in liquid crystalline hosts and
its larger application to light trapping efficiency.
The genesis of this work stems from the need for an alignable red dye for controllable
(in-plane) emission in LSCs. Beginning with the perylene bisimide (an industry standard),
Lumogen F Red 305 (Fig. 2.1), we sought to increase its alignment by simply improving its
aspect ratio (length l to breadth b ratio) or rod-like character (Figure 2.1).26

b

l

Cylindrical

Spherical

Ellipsoidal

Figure 2.1. A depiction of rod-like (cylindrical) character in alignable organic dyes. (Left)
LumR circumscribed to highlight its spherical nature.
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As a result of the node that exists at the imide nitrogens in the frontier molecular orbitals
(Figure 2.2), the aspect ratio (AR) of LumR is able to be increased without disturbing its
optical properties.25 In other words, because there is no change in electron density at the
imide nitrogens or the attatched ‘R group’ as LumR undergoes an electronic transition from
the ground state to the excited state, substitution at this location occurs without affecting its
UV-Vis or fluorescence spectra.

HOMO

LUMO

Figure 2.2. A depiction depiction of the frontier molecular orbitals of N,N-diphenyl-perylene3,4:9,10-tetracarboximide shown as a representative of all PBI derivatives. Huckel molecular
orbital calculations were made in Chem3D Pro after a MM2 geometry optimization.

2.2 Synthesis of LR-C8
A concise route to improving the AR would entail removal of the aniline tails
followed by imidization with a straight chain primary amine (Scheme 1), however,
saponification of the 2,6-diisopropylaniline (DIA) tails from commercially available LumR
was cumbersome due to steric hinderance, so a synthetic route beginning with perylene3,4:9,10-tetracarboxylicanhydride (PBA, eq. 2.1) was chosen.
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H2N-C8H17

Scheme 1. Synthesis of an alignable analog of LumR via the saponification route.

The synthesis of an alignable LumR derivative begins with the imidization of PBA
with octylamine in molten imidazole to form N,N-dioctyl-perylene-3,4:9,10-tetracarboximide
(PBI-C8).27 The reaction proceeds at 180 °C in 4 hours with the addition of Zn(OAc)2 as a
Lewis acid catalyst. After an acidic work-up in methanol to remove excess imidazole, PBI-C8
(1) is reacted in the next step without further purification due to solubility limitations.

(2.1)

1

PBA
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The driving force for this reaction is the production of water as the anhydride groups are
converted into imides. Spectroscopic evidence for the attachment of the two n-octylamines is
shown in the 1H NMR spectrum (Figure 2.3).
X
Y
X
Y

X = ortho
Y = bay

1
Figure 2.3. PBI nomenclature key and (500 MHz) 1H NMR spectrum of the aromatic
region of PBI-C8. Two doublets representing the ortho (8.71 ppm) and bay (8.64 ppm)
protons.

Figure 2.3 assigns the location of each of these proton resonances as well as some
nomenclature common in discussions of the PBI scaffold. There are two doublets at 8.71 and
8.64 ppm representing the 4 protons in the ortho and bay regions, respectively. The triplet
further upfield at 4.2 ppm also integrates for 4 protons and resides in the spectral region
predicted by their proximity to the electronegative imide nitrogens (Figure 2.4).
a

a
a

1
Figure 2.4. (500 MHz) 1H NMR spectrum of 1 with a triplet representing the two sets of
methylene protons adjacent to the imide nitrogens.
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In the next step, the bay region is substituted with chlorine atoms in a radical mechanism
with sulfuryl chloride as the chlorinating agent and nitrobenzene as solvent (eq. 2.2).28

(2.2)

2

1

The resulting product, tetracholoro-PBI-C8 (2), is obtained after 10 hours following the slow
addition of sulfuryl chloride to a solution containing the radical initiator, iodobenzene, and
PBI-C8 at 85 °C. The formation of 2, can be seen by 1H NMR (Figure 2.5) as the two
doublets from the bay and ortho regions are replaced by one singlet at 8.59 ppm.

Figure 2.5. (500 MHz) 1H NMR spectrum
of 2 showing a single resonance in the
aromatic region that represents the ortho
protons (4H) at 8.59 ppm.

2

The final product, LR-C8 (3), is made through substitution of phenoxy groups for the aryl
chloride groups. In this step the exchange of chlorines for phenol is facilitated through a
nucleophilic aromatic substitution (eq. 2.3).29
22

Phenol, K2C03

(2.3)

2

3

The production of 3 can be seen both in the UV-Vis and 1H NMR spectra. In the UV-Vis
spectra shown in Figure 2.6 below, there is a readily apparent 50 nm bathochromic shift of
max as the synthesis progresses from 1 to 3.

1
Figure 2.6. UV-Vis spectra
of 1 (solid) max = 527 nm
and 3 (dashed) max = 577 nm
acquired in CHCl3.
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The shift is attributed to the addition of lone pairs from the phenoxy oxygen that extends the
aromatic -system, causing a decrease in the HOMO/LUMO gap.30 In the 1H NMR spectrum
evidence of tetra-substitution can be seen by the shift in the singlet peak from 8.59 ppm to
8.12 ppm representing the ortho protons (4H) as well as new resonances at 7.19, 7.04, and
23

6.87 ppm representing the meta, ortho, and para protons of phenoxy groups now attached in
the bay region (Figure 2.7).

c

b

b

a d

d a

c
b

d
c
b

a d

d

a

c

a
b

c

3

Figure 2.7. (500 MHz) 1H NMR spectrum of LR-C8 showing: a singlet at 8.12 ppm representing the 4
ortho protons of the PBI core, triplets at 7.19 and 7.04 ppm that represent the 8 meta and 4 para protons of
the phenoxy substituents, respectively, and a doublet at 6.87 ppm representing the 8 ortho protons of the
phenoxy substituents.

After initial alignment studies (described in chapter 3) on the LumR derivative LR-C8, it was
determined that the extended -system (bathochromic shift) and steric bulk (solubility)
offered by the phenoxy substituents came at the unacceptable cost of order parameter
(alignment) regardless of the improvement in aspect ratio. A summary of LumR and LR-C8
can be seen in the comparison chart shown in Table 2.1 below.
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Table 2.1. Comparison of properties between LumR and LR-C8.

LR-C8

LumR

6.66

Sol. (mg/mL)

0.78

1.92

Aspect Ratio

2.68

0.04

Order Parameter

0.13

Due to limitations in the LumR derivative strategy, the next step was to begin
synthesizing LumO derivatives to obtain a better understanding of the relationship between
morphology, order parameter, and solubility. As alluded to earlier, there is a strong
connection between a dye’s order parameter and aspect ratio, but because solubility is also
important for our application the overall morphology had to be taken into account as well.
The new strategy centered around increasing the effective aspect ratio via two distinctly
different means while trying to build in enough steric bulk to prevent a deleterious drop in
solubility. Native to the LumO derivatives is the lack of steric bulk in the bay region giving it
a smaller breadth in addition to the potential for a longer effective length due to the rigidity
of the DIA tails.

2.3 Synthesis of Symmetric LumO Derivatives
Interactions between the PBI core and LC molecules are known to improve alignment
in guest-host systems,31,32 however, interactions among other dye molecules leads to the
25

formation of aggregates through - stacking interactions that severely limit solubility.30 In
an effort to harmonize this dichotomy, both solubility and alignment moieties were
incorporated into a single structural element and installed at the imide nitrogens (Figure 2.8).

Alignment

Solubility

Figure 2.8. The modular strategy for synthesizing LumO derivatives.

In order to keep solubility high while improving alignment, sterics still had to be
taken into consideration. While LumO was not as soluble as the LumR, the steric bulk caused
by its DIA tails did show improvement in solubility over the alignable LumO derivative 1.
The only structural difference between 1 and its LumO counterpart is their substitution at the
imide nitrogens (Figure 2.9). In 1, the imides are substituted with long alkyl chains giving it a
good aspect ratio (4.56) and unlimited LC access to the perylene core. In LumO the imides
are substituted with DIA tails leading to a poor aspect ratio (2.64) and encumbered access to
the perylene core for both other LumO and LC molecules.
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Side

PBI-C8

Top

Side

Lumogen F Orange 240 (LumO)

Top

Figure 2.9. Side and top views of LumO and a derivative PBI-C8 depicting the
extent to which steric hindrance can obstruct the flat perylene core.

The first dye to be synthesized in this series was the LumO derivative N,N-bis(2,6diisopropyl-4-octylaniline)-perylene-3,4:9,10-tetracarboximide (G8). This molecule is
identical to LumO except for its para-substitution with n-octyl chains on the DIA group and
begins with iodination of DIA (eq. 2.4).33

(2.4)

DIA
4a
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The production of the iodinated product can be seen through inspection of the
aromatic region of the 1H NMR spectra of starting material versus product. As the reaction
proceeds, the doublet at 7.16 ppm (Ha) and the triplet at 6.93 ppm (Hb) integrating for 2 and 1
proton(s), respectively, are replaced by a singlet at 7.2 ppm in the final product representing
the 2 remaining meta protons (Figure 2.10).
a

a

a

a

a

b

a

b
DIA

4a

Figure 2.10. (500 MHz) 1H NMR spectrum depicting the conversion of 2,6-diisopropylaniline into 4a.
The doublet at 7.16 and the triplet at 6.93 ppm integrating for 2 and 1 proton(s) respectively are replaced
by a singlet at 7.2 ppm in the final product that integrates for 2 protons.

Next, the iodine is substituted for 1-octyne in a Songashira cross-coupling reaction (eq.
2.5).34

(2.5)

4a
5a
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Evidence for production of the octynylaniline can be seen by the appearance of a triplet at
2.31 ppm (2H) in the same region as the methine septet (2H) as well as a shift in the singlet
position from 7.2 to 7.01 ppm due to a change in the shielding environment (Figure 2.11).

b

a
c
c

c
b

b

a
5a

Figure 2.11. (500 MHz) 1H NMR spectrum of 5a showing a singlet at 7.01 ppm that integrates for 2
protons, a septet at 2.77 and a triplet at 2.31 ppm that integrate for 2 protons each and appear in the
spectral region predicted by their proximity to a double/triple bond.

After purifying the 5a over silica gel, the alkyne was reduced under H2 in a solution
of methanol and ethyl acetate to yield the final product 2,6-diisopropyl-4-octylaniline (G8
tail, 5b) in a 91.3% yield (eq. 2.6).35

(2.6)

G8 tail, 5b
5a
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Production of the reduced product, is confirmed by a downfield shift of the septet (2.86 ppm)
and triplet peaks (2.44 ppm) in the double/triple bond region of the spectrum, and a shifting
upfield of the aromatic singlet from 7.01 to 6.78 ppm (Figure 2.12).

b

c
a
c

c
b

b
a

G8 tail, 5b

Figure 2.12. (500 MHz) 1H NMR spectrum of the G8 tail, 5b, showing a
singlet resonance at 6.78 ppm, a septet at 2.86 ppm, and a triplet at 2.44 ppm all
integrating for 2 protons each.

From the starting material 2-isopropylaniline (2IA) a less sterically hindered D8 tail
was synthesized by following the aforementioned synthesis of the G8 tail (eq. 2.7).

(2.7)

2IA
D8 tail, 6b
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Evidence for the production of the D8 tail can be seen by the splitting in the aromatic region
of its 1H NMR spectrum (Figure 2.13). The doublet at 6.87 ppm represents the proton Hc and
has a J 4 = 2 Hz. The doublet of doublets at 6.76 ppm (Hb) has a J 3 = 8 Hz representing its
strong interaction with the ortho proton and J 4 = 2 Hz representing the long range interaction
with the other meta proton, Hc. The doublet resonance at 6.54 ppm represents the ortho
proton (Ha) of the aromatic ring with a J 3 = 7.5 Hz.

a
c
c
a
b

b

c

D8 tail, 6b

Figure 2.13. (500 MHz) 1H NMR spectrum of D8 tail, 6b, showing a doublet at 6.87 ppm (d, J = 2 Hz, 1H),
a doublet of doublets at 6.76 ppm (dd, J = 8, 2 Hz, 1H), and another doublet at 6.54 ppm (d, J = 7.5 Hz, 1H).

Once the tails had been synthesized, the PBI dyes G8 and D8 were synthesized using
methods from the preparation of 1 with substituted aniline instead of n-octylamine (see eq.
2.1) A comparison of the two LumO derivatives is shown in Table 2.2.
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Table 2.2. A comparison of LumO and its alignable derivatives G8 and D8.

Dye

Sol. (mg/mL LC)

Aspect Ratio

Order Parameter

LumO

0.78

2.64

0.22

G8

0.27

4.73

0.32

D8

0.86

5.83

0.65

2.4 Synthesis of Asymmetric LumO Derivatives
The

synthesis

of

the

G8

and

D8

LumO

derivatives

revealed

some

structure/functionality relationships as predicted, with D8 having a higher degree of
alignment and solubility despite being less sterically hindered. This suggested that only 1 or
2 steric groups were required with additional isopropyl (iPr) groups causing detrimental
effects in both solubility and alignment (described in Ch. 3). With inspiration from LC
molecules that are highly anisotropic in their structural morphology, having a rigid and a
flexible portion (Figure 2.14), asymmetric analogues were synthesized based on the
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principles of geometric anisotropy with a solubilizing tail on one end and an alignment
portion on the other.

Rigid

Flexible

Alignment

Solubility
y

Figure 2.14. ChemDraw of the liquid crystal 4-cyano-4’-pentylbiphenyl (5CB),
and perylene dye DIA-C8 depicting their anisotropic structures.

The synthesis of asymmetric dyes is adapted from several synthetic schemes in the
literature. The first step involves a ring opening of the PBA’s anhydride rings followed by an
esterification in a one-pot synthesis to form perylene tetraester (PTE).36

PBA

PTC, 7

Scheme 2. Synthesis of PTE.
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PTE, 8

The initial step involves a simple ring opening in basic aqueous solution at 70 °C. At this
point, the solution is titrated with HCl to a pH of 8-9. Bringing the pH too low causes the
intermediate, perylene tetracarboxylate (PTC), to precipitate along with unwanted side
products. Next, the aqueous mixture is filtered and the liquid is added to a flask along with
potassium iodide and the phase transfer catalyst aliquat 336. Once the PTC has entered the
organic phase, n-bromodecane is added under reflux conditions and the product PTE is
obtained after 2 hours in 58.8% yield.
Next, one side of the ring is selectively closed down in an acid catalyzed reaction
wherein a red solid slowly precipates from the reaction as the yellow PTE is converted into
the product perylene monoanhydride diester (PMADE) (eq. 2.8).

(2.8)

PMADE, 9

PTE, 8

At this point in the synthetic scheme, one of the imides is installed using methods
similar to those used in the preparation of 1 but at a lower temperature to prevent
decomposition of the esters (eq. 2.9).
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(2.9)

PMADE, 9

10a

Verification for the synthesis of the perylene monoimide diester, PMIDE (C8-DE, 10a), can
be seen in the region of the 1H NMR spectrum common to protons that are near
electronegative atoms. Figure 2.15 shown below depicts two triplet resonances at 4.34 and
4.20 ppm. The downfield triplet integrates for 4 protons and is responsible for the methylene
protons adjacent to the ether oxygens of the ester groups. The upfield triplet (2H) is similar to
those shown in 1 and represents the methylene group adjacent to the imide nitrogen.

a

a

a

Figure 2.15. (500 MHz) 1H NMR
spectrum of 10a showing a triplet
at 4.34 ppm (t, J = 7 Hz, 4H)
representing the methylene protons
of the ether oxygens and another
triplet at 4.20 ppm (t, J = 8 Hz, 2H)
representing the methylene protons
adjacent to the imide nitrogen.

b

b
10a
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After purification via silica gel chromatography to obtain 10a in a 67.1% yield, the
PMIDE is reacted in a subsequent ring closing reaction with p-toluenesulfonic acid as the
catalyst in a solution of toluene at 100 °C. The resulting product, perylene monoimide
monanhydride (PMIMA), 11a, is obtained as a dull red solid after rotary evaporation and
trituration with hexanes. Due to solubility limitations, the crude product is used without
further purification or characterization. The final step in the preparation of asymmetric
LumO derivatives again relies on the methods used in the preparation of 1 (Scheme 3).

10a

11a

12b

Scheme 3. Synthesis of 12b.

The product, G8-C8 (12b), is obtained after an aqueous workup in methanol and hydrochloric
acid to yield 12b as a dull red solid. Evidence for the production of 12b can be seen by the
asymmetry in the aromatic region of the 1H NMR spectrum (Figure 2.16). In the downfield
portion of the spectrum there are 4 doublets at 8.73, 8.54, 8.50, and 8.45 ppm integrating for
2 protons each. The two furthest downfield doublets at 8.73 and 8.54 reside on the C8 side of
36

the molecule and are assigned to the ortho and bay protons, respectively. The doublets further
upfield reside on the G8 half of the molecule and are responsible for the ortho and bay
protons at 8.50 and 8.45 ppm, respectively. The singlet resonance at 7.17 ppm integrating for
2 protons signals the existence of the tri-substituted aniline, G8 tail.

e
e

e

d
a
a

c
b
b

d
c

d

d

c

c

b
a

b
a

12b
Figure 2.16. (500 MHz) 1H NMR spectrum of 12b showing 4 doublets and a singlet in the aromatic
region: At 8.73 ppm (d, J = 8 Hz, 2H) are the ortho protons of the C8 naphthalimide, at 8.54 ppm (d, J =
8.5 Hz, 2H) are the bay protons on the C8 side, at 8.50 ppm (d, J = 7.5 Hz, 2H) are the ortho protons of
the G8 naphthalimide, at 8.45 ppm (d, J = 8 Hz, 2H) are the bay protons from the G8 half of the PBI core,
and at 7.17 ppm (s, 2H) are the meta protons of the G8 tail.

Following these basic reaction schemes, overall, 11 different perylene based dyes
were synthesized (table 2.3). The dyes can be broken down further into subsets including the
symmetrics, asymmetrics, the industry standards and a homologous series involving select
dyes from each group. Using the properties of aspect ratio and sterics both added through
modular syntheses, the following section characterizes the dyes in terms of their alignment in
LC matrices and how these properties apply to LSCs as a whole.
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Table 2.3. The structures and percent yields of the dyes synthesized in this study.

Perylene Dye

%Yield

65.4
PBI-C8

60.7
4hexyl

LumR

N/A

LR-C8

28.5
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Table 2.3. Continued.

Perylene Dye

% Yield

21.6
G8

D8

41.2

8.7
D8-G8

G8-C8

16.1

D8-C8

0.63

G8-4hexyl

12.9

D8-4hexyl

18.4

DIA-C8

21.6
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Chapter 3. Alignment

3.1 Alignment and LSC Efficiency
The concept of organic dye alignment specifically for use in luminescent solar
concentrator systems (LSC) dates to 1973.37,38 The basic LSC design allows sunlight to
penetrate the top surface of a flat inexpensive plastic or glass waveguide where the incident
photons are then absorbed and re-emitted at a longer wavelength by embedded lumophores
within the waveguide. In order to maximize the efficiency of any non-optical concentrating
device, it is important to contain all of the emitted photons within the waveguide and
efficiently transport them to the photovoltaics on the periphery.

εTRAPτ = εMATRIX εFQY εTIR

(3.1)

The trapping efficiency (eq. 3.1)39 is proportional to the product of the efficiency of
the matrix in which the lumophores are embedded (losses due to scattering or absorption)
raised to the average number of absorption events that occur prior to a photon reaching the
edge (τ), the fluorescence quantum yield (FQY) of the embedded lumophore (ratio of
photons emitted to photons absorbed) and the extent to which these emitted photons are
trapped via a mechanism known as total internal reflection (TIR, Figure 3.1).
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3.2 Total Internal Reflection

Figure 3.1. Illustration of TIR
within a LSC. A photon (green)
enters the waveguide (pink) and
is absorbed by an embedded
lumophore (red). The photon is
then emitted at a longer
wavelength (red arrow) at such
an angle that it is confined within
the waveguide.

TIR is an optical phenomenon that controls the degree to which incident light is
refracted (lost) and reflected (trapped) at an interface based on the refractive indices of each
respective media and the angle of incidence. The critical angle of incidence, θc, required for
TIR can be calculated (eq. 3.2 and 3.3). Equation 3.2, also referred to as Snell’s law,
describes the relationship between the angles of incidence and refraction of a light ray as it
passes through a boundary between two different media where ν is the phase velocity
through the media and η represents the refractive index. Equation 3.3 is a simple
rearrangement of eq. 3.2 after setting θ2 (refracted light) to 90 degrees and letting
θ1 (incident light) = θc (critical angle).

Snell’s Law

sin 𝜃1 𝑣1 𝑛2
=
=
sin 𝜃2 𝑣2 𝑛1
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(3.2)

Critical Angle
(3.3)

From this relationship it can be seen that as the difference in the refractive indices
between the two media increases, the angle with respect to normal (perpendicular) for TIR
decreases. In practice, light is often made to travel a path from a medium of high refractive
index to a medium of lower refractive index. Figure 3.2 depicts such a scenario where the
two media in question are air and one of higher refractive index such as a fiber optic cable,
plastic waveguide or a glass touch screen.

0°

42°

70°

30°

60°

45°

30°

0°

θc

45°

60°

Fig 3.2. The mechanism of TIR with incident light shown in red, refracted light shown in blue and reflected light
shown in green. As the angle of incident light increases from perpendicular (0) towards parallel (90) with respect
to the waveguide, a higher percentage of light is reflected until the angle of refraction reaches 90 (parallel to
waveguide) at which point all of the incident light ≥ θc will be reflected.

As shown in Fig. 3.2, as the angle of incidence increases (red), the angle of the
refracted light increases (blue) while becoming gradually less intense. When the angle of
refraction reaches 90 (parallel to the waveguide surface), the intensity is zero (purple). It is at
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this point that light ceases to be lost through the top and bottom faces and is instead trapped
via TIR (green).

3.3 Escape Cone Losses
The efficiency of an LSC can be greatly improved by minimizing the escape cone
losses.40,41,42 Escape cone losses are classified as light lost through the top and bottom faces
of an LSC i.e. those photons that are not trapped via TIR (Figure 3.3). The figure depicts a
red emitting chromophore embedded within a waveguide with its long axis oriented
perpendicular to the top and bottom faces. The red light emanating from the chromophore is
directed within the escape cone and therefore will not be trapped via total internal reflection.
While Figure 3.3 is an accurate depiction of an escape cone in many of the practical LSC
systems, it does not tell the whole story. When attempting to improve the efficiency of any
LSC one first needs to understand the two principle events, photoabsorption and
photoemission.

Fig 3.3. An example of a dye molecule emitting
light at an angle unable to undergo TIR. The
conical region projected on the top and bottom
surface of the waveguide is known as the escape
cone and is a 3D projection of Snell’s law paired
with an isotropic (randomly oriented) emitter.
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3.4 Photoselection and Photoemission
The process dictating the probability of a molecule absorbing a photon of light is
known as photoselection. The probability (p) is proportional to cos2θ, where θ is the angle
between the plane of the electric field of the photon (blue) and the transition moment for
absorption in the molecule (purple), µabs. If the polarization condition is met, the incident
photon must also have a frequency matching the energy difference of one of its electronic
transitions (Figure 3.4).

µabs
O

β
R
N

O
Fig 3.4. A depiction of the required relative
orientation between of the electric vector of
light (blue) and the absorption dipole of the
dye (purple, µabs). The orientation shown
gives the highest probability of photon
absorption. If the magnetic (red) and electric
vector were switched the probability of
absorption would be zero. Shown in tan is the
emission dipole at an angle β of ~ 7 degrees
from the absorption dipole.

O

N
R

O

The oscillating light wave stimulates a change in the electron density from one end of the
molecule to the other, creating an electric dipole. It is because of this induced dipole that the
corresponding emission pattern models that of any classical dipole. Shown in Figure 3.5 are a
2D and 3D depiction of the sin2θ emission pattern that adopts a toroidal shape when
envisioned in 3D.
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Fig 3.5. (Left) An example of the emission pattern from a classical oscillating dipole.
The smaller loops represent higher field strength or in the case of photon emission a
higher probability of emission along that angle of propagation. (Right) The same
illustration in 3D expressing that there is zero emission along the emission dipole itself.

To demonstrate the improvement gained by aligning the dyes it is helpful to examine
two pertinent scenarios at the time of day at which all solar energy systems lend the most
benefit, high noon. This time of day is characterized as the time when the sun is directly
overhead casting the most solar radiation on a device and is used to calculate the maximum
efficiency of systems that harvest solar energy (known as the peak watt).
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Fig 3.6. An example of an isotropic dye sample embedded within a polymethylmethacylate
(PMMA, plexiglass) waveguide. Sunlight (green arrow) enters the waveguide at an angle normal
to the surface and it is absorbed by a planarly oriented dye (red elipse). The photon is emitted
(red arrow) at a longer wavelength at the most probable angle determined by the sin2θ
distribution (shaded hemispheres: darker = higher probability) through the escape cone.

In Figure 3.6, normal light enters the waveguide containing an isotropic (randomly
oriented) sample of dyes. Light will be preferentially absorbed by dyes oriented in this
fashion (planar) due to the aforementioned photoselection rules. Because all dipole emission
is directed in a sin2θ distribution primarily perpendicular to the emission dipole, a significant
portion of the light from dyes in this orientation (primary absorber) will be lost. Integrating
the emission over all possible orientations in an isotropic sample yields a TIR efficiency of
0.746 (eq. 3.4).

𝜺𝑻𝑰𝑹 = 𝟏 −

𝟐𝝅 𝜽

𝟐 ∫𝟎 ∫𝟎 𝑪𝑹𝑰𝑻 𝒔𝒊𝒏𝜽𝒅𝜽𝒅𝝋
𝟒𝝅
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= 𝟎. 𝟕𝟒𝟔

(3.4)

In Figure 3.7, light enters the waveguide normal to the surface. If the light was
completely perpendicular and the dyes were perfectly aligned there would be a near zero
probability of absorption (see Figure 3.4). However, with the sun moving across the sky and
an order parameter (section 3.5) merely approaching 1 some absorption will take place.

Fig 3.7. An example of a homeotropic dye sample embedded within a PMMA waveguide. Sunlight (green
arrow) enters the waveguide at an angle normal to the surface it is absorbed by an oriented dye (red elipse).
The photon is emitted (red arrow) at a longer wavelength at the most probable angle determined by the sin2θ
distribution (shaded hemispheres: darker = higher probability) and trapped via TIR.

Following photoexcitation and fluorescence, most of the photoemission will lie in a toroid
shaped pattern (sin2θ) perpendicular to the emission dipole. In a homeotropically aligned
dye, the emission dipole is perpendicular to the waveguide surface causing the emission to be
primarily parallel to the surface and therefore able to undergo TIR. Using a similar treatment
to calculate the efficiency of TIR with a homeotropically aligned dye, we get a new term
based on the controlled emission of the aligned sample. In the isotropic sample where all
orientations were equally probable and therefore all emission angles, the sin2θ term was
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equal to 1. If instead the integrand is calculated assuming a fixed homeotropic orientation, we
get a TIR efficiency of 0.941 (eq. 3.5).

𝜺𝑻𝑰𝑹 = 𝟏 −

𝟐𝝅 𝜽

𝟐 ∫𝟎 ∫𝟎 𝑪𝑹𝑰𝑻 𝒔𝒊𝒏𝟐 𝜽𝒔𝒊𝒏𝜽𝒅𝜽𝒅𝝋
𝟒𝝅

= 𝟎. 𝟗𝟒𝟏

(3.5)

Assuming no losses due to scattering by the matrix and FQY = 1, the efficiency of the
LSC can be maximized by increasing the efficiency of TIR (decreasing escape cone losses).
The preceding discussion demonstrates that a homeotropically aligned sample can lead to a
20% increase in trapping efficiency when compared to an isotropic sample.

3.5 Order Parameter
Traditionally, the way in which the degree of alignment in a sample is reported is
through a dimensionless value known as the order parameter (P2). The order parameter
details the macroscopic order of a substance or a substance embedded within another. In this
study, alignment of fluorophores was examined by embedding them within the liquid crystal
matrix 4-cyano-4’-pentylbiphenyl (5CB, Figure 3.8), the major component of the liquid
crystal mixture E7 routinely used in commercial liquid crystal displays.43

N

Figure 3.8. A ChemDraw structure of the liquid crystal molecule 5CB.
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Liquid crystals (LCs) are a class of organic compounds that can exist in a mesophase
between crystalline solids and isotropic liquids.43 The constituents can either be rod-like
(calamitic, Figure 3.8) or disc-like (discotic). Calamitic LCs such as 5CB, contain a rigid
core (biphenyl) and a flexible tail (hydrocarbon chain). A precise balance of these two
properties is essential to obtaining a liquid crystalline phase. If the molecule is too flexible, it
will not have orientational order; too rigid and it will transform directly from the isotropic
liquid phase at high temperature to the crystalline solid phase at low temperature.43
By constructing a single celled analog of a guest (dye) - host liquid crystal (LC)
display and aligning the 5CB molecules within them, the degree to which the embedded dye
molecules are aligned can be determined. Classically there exist two distinct ways to
calculating an order parameter as well as two fundamental ways of probing. LC molecules
can be made to align either planarly (parallel to waveguide) or homeotropically
(perpendicular to waveguide) (Figure 3.9).

Fig 3.9. (Left) An illustration of dyes (red) aligned parallel to the
waveguide surface. (Right) An illustration of dyes aligned perpendicular to
the waveguide surface.

The embedded dyes can then be probed through either absorption (UV-Vis) or emission
(fluorometry) spectroscopy. In this study, all dyes were probed through UV-Vis spectroscopy
and aligned both homeotropically and planarly. When measuring the homeotropic order
parameter of a substance, the mechanism by which the alignment is induced is accomplished
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by one of two ways. The first way is a static mechanism where a surfactant is applied to a
substrate at some oblique angle to act as a scaffold for the subsequently introduced LC
molecules (Figure 3.10).

Fig 3.10. (Left) Surfactant on a substrate used for homeotropic alignment. (Right) A picture of TIR
occurring in a dye doped reactive mesogen sheet aligned by spin-coating onto a surfactant treated surface.

This method was used to construct dye embedded waveguide prototypes for use in trapping
efficiency and other LSC relevant studies.
However, for the purposes of measuring alignment only, the electric field induced
method was employed. In this method a voltage is applied to the LC cell creating an electric
potential between the two pieces of indium tin oxide (ITO) coated glass. The electric field
interacts with the polar cyano head group causing the LC molecules to align parallel and antiparellel to the field and perpendicular to the glass (Figure 3.11).
One of the interesting properties of a liquid crystal is that depending on its
environment, it can behave as an ideal liquid, ideal crystal, or adopt particular properties of
each. When a LC is heated sufficiently to adopt its liquid from, it is said to be in the isotropic
state. The state is characterized by the loss of order and limited intermolecular interaction
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just as in an ideal liquid. Using this property as a control, the order parameter can be
calculated by measuring the ratio of absorbance intensities of the cell with the electric field
(homeotropic) vs. when the field is off and the heat is on (isotropic) (Figure 3.11).

Fig 3.11. (Left) Electric field induced homeotropic alignment with a very high degree of order
(low absorption). (Right) A depiction of the same sample brought into its isotropic state after
heating to 50 °C (high absorption).

After collecting the UV-Vis data for the cell in each state, the macroscopic order
parameter can be calculated by taking the ratio of absorption intensities at λmax.44 Shown
below is the equation for computing a homeotropic order parameter (eq. 3.6) along with the
structure of the LumO derivative, G8 (Fig. 3.12), with an order parameter of 0.32.
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𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑃2 = 1 −
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
C8H17

O

O

N

N

O

O

(3.6)

C8H17

Fig 3.12. A ChemDraw structure of the perylene dye G8 with a measured homeotropic
P2 = 0.32.

The other method by which to align liquid crystals is known as planar alignment.
Planar alignment can be accomplished by creating parallel channels or grooves in the
substrate in which the LC molecules reside (Figure 3.13). To achieve the desired alignment
the method used in commercial production of liquid crystal displays was followed (described
in Ch. 6). A glass substrate was coated with polyimide-varnish (PI) mixture, cured in an oven
to polymerize the polyimide and evaporate the varnish, and then gently rubbed with velvet to
create minute parallel grooves.44

Fig 13. A picture of a cell fabricated for both homeotropic
and planar alignment measurements. The ITO slides are
spin-coated with PI and rubbed to create parallel grooves.
The slides are separated with 25 micron shims (blue), filled
with LC/dye solution, and sealed with Norland optical
adhesive. Copper wire is then attatched as an electrode to
the electrical contacts (black).
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To measure the degree of planar alignment in a sample, an intrinsic property of the
embedded dye itself is exploited as a built-in control. Dichroism, the degree to which light of
different polarizations is absorbed depending on the relative orientation of the dye molecules
(section 3.4) was used to control these photoselection conditions and thus calculate a planar
order parameter (Figure 3.14).

Fig 3.14. (Left) A depiction of the apparatus used to test for planar alignment. Light (green) passes through the
vertical polarizers (blue) before going through the sample oriented at either 0 or 90 degrees with respect to the
polarization of light. (Right) A picture of planar alignment apparatus placed in between the incident been and the
detector showing a rotatable stage with a small aperture in the middle for sampling small sections in the LC cell.

In this experiment, incident light was made to pass through a vertical polarizer before
passing through the sample. This allowed for probing of the sample only for the molecules
that are aligned parallel with respect to the polarizers. The sample, mounted on a rotatable
stage, was then turned 90 degrees and sampled in the same manner. Shown in Figure 3.15 is
the equation used for calculating the order parameter along with a sample spectrum of N,Nbis(4-octyl-2-isopropylaniline)-perylene-3,4:9,10-tetracarboximide (D8) with an order
parameter of 0.66
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Fig 3.15. (Left) A UV-Vis plot of the perylene dye D8 with a planar order parameter of 0.66.
(Right) A ChemDraw structure of the perylene dye D8 sampled in this experiment.

The order parameter calculated in this manner is known as the dichroic ratio (eq. 3.7) and is a
value that is more descriptive in the guest-host LCD field as it can be related directly to a
display’s maximum contrast ratio.

3.6 Aspect Ratio
General morphology can often be expressed through a molecule’s aspect ratio (eq.
3.8); a number often associated with a molecule’s rod-like or spherical nature. The aspect
ratio is defined as the ratio of its longest axis end to end (length, l) in comparison with the
second longest axis end to end (breadth, b). With these two parameters and free rotation
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about the long axis, the shape of the dye can be approximated by a cylinder of diameter b and
length l (Figure 3.16).

l

AR = length/ breadth

b

(3.8)

Figure 3.16. Depiction of the
aspect ratio measurement. They
dye is constructed via the
molecular modeling program,
Spartan, and then measured in
three dimensions to determine the
two longest axis.

The aspect ratio plays an important role in the alignment properties of a dye
molecule. According to Leslie et al, extension of the long axis for the purpose of increasing
order parameter leads to significant gains in orientational order as the tail is extended past
four carbons and starts to become detrimental as you move to aliphatic chains of 8 to 10 or
more in the perylene dye family.44 Onsager showed that the existence of orientational order
of tobacco crystals in water could be explained qualitatively as arising from excluded volume
interactions between elongated and effectively hard particles. Modeling the colloidal system
as a collection of hard spherocylinders, he demonstrated that a mesophase (characterized by
orientational order) was thermodynamically stable in the limit of infinite length to
diameter.45,46
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3.7 Alignment Results
Throughout this study we sought to learn more about the relationship between the
overall morphology of the dye molecule and its possible alignment characteristics. Table 3.1
below depicts the structure and two measurable quantities, aspect ratio and sterics (bulky
groups residing in either the bay region or at ortho position(s) of the aniline tails), along with
the order parameter for the family of 13 perylene based dyes characterized in this study. Each
tail was synthesized from one of 5 primary amines: octylamine (C8), 4-hexylaniline (4hexyl),
2,6-diisopropylaniline (DIA), 2,6-diisopropyl-4-octylaniline (G8) and 2-isopropyl-4octylaniline (D8).

Table 3.1. A list of 13 the perylene dyes studied and characterized according to their order
parameters (P2), aspect ratios (AR) and number of steric groups (iPr and/or phenoxy).

Perylene Dye

O

C6H13

4hexyl
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Table 3.1. Continued.

Perylene Dye

P2
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Sterics

0.13
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0.32

4.73

4

0.65

5.83

2

0.48

4.73

3

0.47

4.05

2
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5

1

C8H17

C8H17
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Table 3.1. Continued.

Perylene Dye
G8-4hexyl
C6H13

D8-4hexyl
C6H13

DIA-C8

O
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N

O

O

O

N

N

O

O

O

O
N

O

O

AR

Sterics

0.56

4.53

2

0.66

5.6

1

0.54

3.19

2

C8H17

O

C8H17 N

P2

C8H17

The dyes in Table 3.1 were built on a perylene bisimide (PBI) scaffold. Each dye was
distinguished by either its substitution at the imide nitrogen or the bay region as depicted in
the dyes LumR and LR-C8. Figure 3.17 depicts a nearly linear relationship among the entire
perylene family (Table 3.1) between a dye’s order parameter and aspect ratio with a few
outliers in the middle, and a tailing off of the order parameter at aspect ratios above 5.25. The
dyes were broken down further into smaller families as follows: symmetric (red), asymmetric
(blue), homologous series (circles), n-octylamine tail (squares), industry standard (+), and
LR-C8 (triangle)
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Figure 3.17. Plot of order parameter versus aspect ratio for the entire family of
perylene dyes. (Red) Symmetric, (Blue) Asymmetric (Circles) Homologous series
(Squares) n-octylamine tail, (*) Industry standard, (Triangle) LR-C8.

The departure from linearity among the outliers can be ascribed to a number of
factors. First, as was previously alluded to in alignment studies by Leslie and Onsager, dye
alignment is dependent on the aspect ratio. However, because the rigid aspect ratio carries
more weight than the plain molecular length/breadth there is a gradual flattening of the curve
as the ARs move from 5 to 5.83. This trend may also be caused by limitations of the LC
matrix independent of the dye.
Dye alignment is facilitated via their interaction with the LC matrix (5CB, P2 = 0.69).
Achieving order parameters higher than the LC is difficult without dye molecules abundantly
longer than the LC molecules themselves (Figure 3.18).
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Figure 3.18. (Left) A depiction of the diminishing gains caused
by long aliphatic tails. (Right) A dye molecule sufficiently long
enough to achieve OPs higher than that of the LC matrix

Shown in Figure 3.18 is an illustration of the two possible scenarios responsible for the
suppression in order parameter in spite of an increasing aspect ratio. As a consequence of
non-rigid elongation the added degrees of freedom tend to increase the entropy of the system
and therefore lead to further disruption of the ordered LC matrix. However if an embedded
molecule is able to span multiple nematic layers without perturbation of its local LC
environment it can lead to a lowering of the entropy and thus obtain higher order than the
matrix in which it is imbedded.

3.8 Industry Standards and their Alignable Derivatives
In the bottom left corner of Figure 3.17 are the industry standards Lumogen Red
(LumR) and Lumogen Orange (LumO) along with their alignable derivatives LR-C8 and G8,
respectively. Shown below in Figure 3.19 is a more concise depiction of this region.
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Figure 3.19. Plot of order parameter versus aspect ratio for the industry
standards (black) and their alignable derivatives (red).

Residing in the left corner of Figure 3.19 are LumR and LR-C8 with aspect ratios of 1.92 and
2.68, respectively. Structurally, these two derivatives differ only by their substituents at the
imide nitrogens. Substituting the DIA tail of LumR for the n-octylamine tail of LR-C8 lead to
a slight increase in AR and a 3-fold increase in OP (Figure 3.20).
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Figure 3.20. A ChemDraw structures of LumR and its alignable derivative LR-C8. (Left) The
industry standard Lumogen F Red 870 (LumR) with 2,6-diisopropylaniline tails. (Right) LR-C8 with
octylamine tails.
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With an order parameter of 0.04, LumR is ostensibly unalignable. The four bulky phenoxy
groups attatched in the bay region generate steric strain that can only be relieved by the two
naphthalimide subunits twisting out of plane by 42 degrees with respect to one another
(Figure 3.21).47

Figure 3.21. A molecular model of the LumR core (tails omitted for clarity)
acquired in Spartan V. 5 following a Hartree-Fock energy minimization. The two
naphthalimide subunits are twisted 42 degrees away from one another due to the
steric bulk of the four phenoxy substitutents residing in the bay region.

The out of plane twist gives the molecule a large excluded volume with the stericaly hindered
bay region having an edge to edge distance that is just over half that of the long axis. Upon
substitution with n-octylamine tails the predominant morphology becomes more ellipsoidal
in nature. While an ellipsoid is an improvement on the spherical character of LumR, having
no preference for orientation; LR-C8 is far from rod-like and stimulated only negligible
improvements in trapping efficiency.
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Figure 3.22. Using the same aspect ratio calculated in Spartan, this figure depicts the
difference in the rotational barrier between LumR (Left and Middle) and LR-C8 (Right).

Shown in Figure 3.22 is a hypothesis for why LumR possesses no preferred
orientation. The two sphereocylinders on the left show LumR in orientations both parallel
and perpendicular to the LC director. Due to its low aspect ratio and large degree of spherical
character it has little preference for aligning with the LC. Because the aspect ratio is so low,
the energy difference between rotation about the long axis versus any other axis is small,
allowing LumR to basically tumble in the matrix rather than undergoing simple rotations and
translations. On the right side of Figure 3.22 is LR-C8 showing its greater preference to align
with the director. With LR-C8, the order parameter is low based on the fact that extension of
the long axis with aliphatic tails is not enough to overcome the steric bulk in the bay region.
In addition, due to the large excluded volume of the LumR core, there is very little
interaction between the LC matrix and the dye molecule to direct its alignment (see Figure
3.21).
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Above the LumR derivatives with slightly higher order parameters of 0.22 and 0.32
are LumO and G8, respectively. The original rationale for synthesizing and testing LumO
derivatives is that they were not burdened by the steric bulk in the bay region that can
undermine AR improving substitution at the imide nitrogens. The difference between LumO
and its more alignable derivative can be seen in the para-substitution of DIA with an n-octyl
carbon chain shown in Figure 3.23 below.

Figure 3.23. ChemDraw structures of the dyes LumO and G8. (Top)
LumO is made up of a standard PBI core with 2,6-diisopropylanilne
tails. (Bottom) G8 mirror the structure of LumO with octly tails added to
the para position of the anilines for alignment.

In this case, there is a large increase in aspect ratio from 2.64 to 4.73 with only a 10 percent
increase in order parameter. This result is contrary to the steeper increase expected based on
the increase in aspect ratio.
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3.9 Symmetric LumO Derivatives
These results suggest there are more precise intermolecular interactions involved
besides the bulk property of aspect ratio. To investigate this, a homologous series of
symmetrical dyes with large aspect ratios but varying degrees of steric bulk around the imide
nitrogen were synthesized and characterized. Figure 3.24 is a plot of PBI-C8, 4-hexylaniline,
D8, and G8 plotted as order parameter versus aspect ratio. These graphs illustrate the
observed order parameter as a function of their aspect ratios.
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Figure 3.24. Plot of order parameter versus aspect ratio for a
family of symmetric LumO derivatives.

The graph shown above is an example of the symmetric LumO analogues with some type of
alignment moiety attached at the imide nitrogen. For three of the compounds shown, the
order parameter remains relatively constant over the aspect ratio range of 4.5 to 6 (Figure
3.24).
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Figure 3.25. ChemDraw structures of the three alignable dyes from Figure
24. (Left) PBI-C8. (Center) 4hexyl. (Right) D8.

Again we see a nearly 3 fold increase in alignment (avg. P2 = 0.65) compared to the industry
standard LumO (P2 = 0.22) through increasing the aspect ratio. In order to understand the
break from this trend in G8 we had to look into the structure of the alignment moiety itself.
Figure 3.26 is a graph of this same family of dyes now plotted as order parameter vs. sterics.
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Figure 3.26. Plot of order parameter versus sterics for a family of symmetric LumO derivatives.

Sterics, the other parameter listed in Table 3.1, is defined here as the degree of steric
bulk around the imide nitrogen. In all cases the steric bulk was in the form of isopropyl (iPr)
groups located at the ortho-position of the aniline tails. Placement of these groups effectively
allowed us to modulate aspect ratio by increasing the diameter or increase the excluded
volume by blocking access to the perylene core.
The two compounds devoid of bulky iPr groups (4hexyl and PBI-C8) and D8 (iPr
groups = 2) show little variation in order parameter with D8 being at an intermediate order
parameter of 0.65 between that of 4hexyl and PBI-C8 at 0.68 and 0.62, respectively.
However, as the number of iPr groups are increased from 2 to 4, the order parameter
plummets to 0.32. So, while G8 has an aspect ratio higher than PBI-C8 it has half of the
alignment. This suggests that sterics or excluded volume and not aspect ratio is the dependent
variable when determining alignment among this family.
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3.10 Sterics
Shown below is another plot accumulating all of the dyes in this study but graphed as
order parameter versus sterics instead of aspect ratio (Figure 3.27). Using the PBI scaffold
along with substituted anilines or aliphatic tails we were able to explore a number of
combinations through the use of symmetric and asymmetric derivatives.
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Figure 3.27. Plot of order parameter versus sterics for a family
perylene based dyes. Symmetric (Red), Asymmetric (Blue),
Homologous series (Circles), n-octylamine tail (Squares), Industry
standard (+).

As the degree of steric bulk around the imide nitrogen increases a steady exponential decline
in the order parameter of the dye is observed. The differences within each grouping of sterics
may be due to the difference in aspect ratio within the series but the overall trend remains the
same. A better representation of this steric dependence is portrayed in Figure 3.28 below.
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Figure 3.28. Plot of order parameter versus sterics for a homologus series of LumO derivatives.

This graph represents a homologous series of dyes with aniline based tails ranging from 0 to
4 iPr groups. As predicted, a gradual decrease in the order parameter is observed ending with
a more significant decline as the maximum of 4 steric groups is reached.

The three

asymmetric derivatives D8-4hexyl, G8-4hexyl, D8-G8 bearing 1,2, and 3 iPr groups
respectively decline in a linear fashion and are shown in Figure 3.29.
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Figure 3.29. ChemDraw structures of the asymmetric analogues in Figure
3.28.(Left) D8-4hexyl. (Center) G8-4hexyl. (Right) D8-G8.

As a quick comparison, the graph in Figure 3.30 plots the same homologous series
versus aspect ratio with very little correlation between the two. Basically independent of their
aspect ratios, order parameter decreases with increasing steric bulk beyond 1 iPr group per
imide moiety.

72

3.11 Asymmetric LumO Derivatives
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Figure 3.30. Plot of order parameter versus aspect ratio for a homologus series
of LumO derivatives.

One interesting thing to note here is that although D8 and G8-4hexyl have the same
number of steric groups, the order parameter of D8 is 20 percent higher than that of G84hexyl (Figure 3.28). In trying to assess this dichotomy using the difference in aspect ratios
at 4.53 and 5.83 for G8-4hexyl and D8, respectively, the increase in order parameter agrees
with the 23 percent difference in aspect ratio. This result tracks with the linear relationship
between the two parameters as depicted in Figure 3.17. However if you make the same
comparison between G8-4hexyl and DIA-C8 (Figure 3.31) both having 2 iPr groups on one
end and aspect ratios of 4.53 and 3.19, respectively. The 30 percent difference in aspect ratio
leads to a very small change in order parameter with values of 0.56 and 0.54 for G8-4hexyl
and DIA-C8, respectively.
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Figure 3.31. ChemDraw structure of DIA-C8.

Before attempting to understand the difference in order parameter with respect to the
asymmetric placement of steric groups we can see that there is good agreement among this
subset because it follows a predictable trend with respect to order parameter plotted vs. both
sterics and aspect ratio (Figure 3.32 and 3.33).
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Figure 3.32. Plot of order parameter versus sterics for the subset of
asymmetric LumO derivatives.
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Figure 3.33. Plot of order parameter versus aspect ratio for the subset of
asymmetric LumO derivatives.

What this tells us is that when looking at a family of dyes with the same relative aspect ratios
and/or the same degree of asymmetry with respect to iPr placement the results are very
predictable in their linear behavior and in line with previous dye alignment studies.44,48,49
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Figure 3.34. ChemDraw structures of the asymmetric dyes from Figures
3.32 and 3.33.(Left to Right) D8-C8, D8-4hexyl, G8-C8, G8-4hexyl.

For instance, when comparing C8 asymmetric LumO derivatives to their 4hexyl
counterparts (Figure 3.34), the 4hexyl derivatives consistently had higher order parameters.
This could be attributed to their longer rigid AR, because although their full aspect ratio is
very similar, the degrees of freedom in a phenyl ring are much less than an aliphatic tail
making the extended long axis more rigid as a result. However, when trying to comprehend
the differences in order parameter among subsets of dyes having incongruences in terms of
their placement of steric groups and overall aspect ratio a different theory must be invoked.
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3.12 Computational Theory
In the literature, alignment of solute particles in anisotropic media is ascribed to the
contributions from long-range electrostatic interactions and short-range repulsive forces.
Long range forces are composed of the interaction between the mean electric field gradient
experienced by the solute and the molecular quadropole moment.50 Some electronic property
of the single molecule then interacts with this mean field; if this interaction is anisotropic
then the molecule is predicted to have orientational order which can be calculated from the
anisotropic part of this mean field potential.51 Recognition of alignment based on long range
forces was earned based on studies of the hydrogen molecule and its isotopomers.50 There it
was shown that as the anisotropy grew through isotopic substitution of deuterium and tritium
the alignment also increased. However with solutes much larger than H2 or those containing
small dipole moments, the effects of long range forces have proven to be negligible.
In the short range treatment, alignment theories have been based on observations that
the observed degree of orientation showed some tendency to increase with size and shape
anisotropy of the solute. By using LC mixtures that produce essentially no electric field
gradient (efg), it is assumed that the solvent mean field has only a negligible influence on the
electronic structure of the solute and mainly affects rotational and vibrational degrees of
freedom. In the most intelligible model, developed by Burnell and coworkers, the liquid
crystal matrix is approximated as an elastic tube that must stretch to accommodate the
embedded solute with the Z or long axis of the tube being coincident with the nematic
director.50 There is a restoring force due to this stretching that is given by Hooke’s law (eq.
3.9).
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(3.9)

F = -kdC(θ)

1
𝑈(𝜃 ) = − 𝑘𝐶 2 (𝜃 )
2

(3.10)

Where C(θ) is the circumference about the tube perimeter for the solute oriented at an angle
θ. The energy associated with this distortion is given in eq. 3.10.
Despite its simplicity, the Burnell model has been successful in modeling alignment
as an elastic restoring force caused by perturbations in the local LC matrix. This model and
its higher order successors have been able to adequately predict results for a variety of
chemically unrelated solutes of varying symmetries and shapes in zero efg LC mixtures
(Figure 3.35).52

Z’

Figure 3.35. A depiction of the elastic LC matrix
model. Where Z is the long axis of the LC
coincident with the nematic director and θ is the
circumference about the tube for the solute oriented
at an angle θ.

θ

μ

Y’
X’
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3.12 Entropy and Internal Free Volume
Recent studies in the alignment field have focused on qualitative entropic
contributions rather than rigorously attempting to quantify narrowly applicable tendencies. In
studies by Swager et al, alignment is attributed to an internal free volume created within the
solute molecules rather than an excluded volume.53 Instead of hard spherocylinders
experiencing repulsive forces through intermolecular van der Waals radii, solute molecules
having large nesting pockets are thought to intertwine with the surrounding anisotropic
media.54
Previous work on self-assembled supramolecular structures of perylenes by Wurthner
and Zhu has demonstrated that there can be a significant amount of hydrogen bonding
between the imide carbonyls and substituents attached at the imide nitrogen.47,55 Leslie
showed that para-substitution of anilines with alkoxy tails led to higher order parameters of
perylenes. These results were attributed to stronger hydrogen bonds forming between the
more electron deficient ortho-protons and the neighboring carbonyl.44 Examining the dyes
having D8 tails, at least one ortho-proton, a rigid pocket can be created between the PBI core
and D8 tail (Figure 3.36).

Figure 3.36 A depiction of the free volume
created by the angle of the D8 tail with
respect to the PBI core. (Red) D8 molecule.
(Blue) 5CB molecules.
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In Figure 3.36 above, the D8 tail is locked into a conformation between orthogonal
and parallel with respect to the PBI core. This is thought to be due to a combination of steric
factors caused by the isopropyl arm and hydrogen bonding between the imide carbonyl and
ortho-proton.44 According to Swager, this type of internal free volume system is entropically
favorable.51,52 A rigid pocket created by the solute molecules allows LCs to thread the free
volume to form a closely packed structure. The close packing around the solute minimizes
the total volume of the system allowing more space for other LCs to roam, resulting in more
alignment.
For the dyes synthesized in this study, the different alignment trends can be attributed
to contributions from all of the factors mentioned: aspect ratio, excluded volume, and internal
free volume. When examining dyes having the same shape anisotropy and excluded volume,
it is the rigid aspect ratio that determines differences in order parameter (see Figures 3.19,
3.32 and 3.33). Among dyes with little separation in aspect ratios it is the excluded volume as
determined by sterics that governs the degree of alignment (see Figures 3.24 and 3.26). And
finally, among dyes having similar excluded volumes and aspect ratios the internal free
volume created through the asymmetric placement of steric groups can be used to explain the
significant increase in alignment (see Figures 3.28 and 3.30).
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Chapter 4. Solubility

4.1 Role of Solubility in an LSC
In order to maximize the geometric gain (eq. 4.1) and light trapping efficiency of a
planar waveguide the alignment layer must be kept as thin as possible. Thus the solubility of
fluorophores in organic matrices is vitally important to the overall performance of any
organic light harvesting system.

G=

Area of Top + Bottom faces

(4.1)

Area of Edges
Another reason to maximize the solubility of the embedded fluorophores is due to a vestige
of both the homeotropic alignment and the cascade effect. In the cascade effect, each photon
absorbed regardless of wavelength will ultimately be red-shifted to the absorption spectrum
of the terminal red dye. The terminal dye is the fluorophore responsible for reducing escape
cone losses. Although its perpendicular orientation raises the probability of an emitted
photon being trapped via TIR, it also significantly reduces the probability of the initial
photon absorption.

4.2 Improving Perylene Bisimide Solubility
Perylene bisimides (PBI) are known for their intense fluorescence and good
photostability, but generally exhibit low solubility. Perlyene bisanhydride (PBA), the starting
material for all of our perylene-based syntheses, is championed in industry for these
properties. It is widely used as a red pigment to protect equipment from corrosion because it
is only soluble in concentrated sulfuric acid. To improve the solubility and decrease the need
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for long path lengths, PBA is converted into a PBI via condensation with a primary amine
bearing a bulky ‘R group’.56 Previous studies by other groups have succeeded in making
water soluble PBI derivatives and supramolecular assemblies by attaching polar groups in
either the bay region or at the imide nitrogens (Figure 4.1).57,58
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Figure 4.1. ChemDraw structure of the PBI core attached to the Nekom dendrimer.58

Systems such as these have shown promising utility in both the medical and
analytical fields where they are being used as pH probes, fluorescent tags in biological
processes, and delivery systems for otherwise insoluble materials such as carbon nanotubes.56
The common thread in all of these solubilizing strategies is that the attached groups take up a
lot of space in all three dimensions and are usually comprised of multiple non-rigid portions.
This approach runs counter to the ultimate goal of this the project of creating an alignable
dye because it diminishes the aspect ratio and increases the entropy.
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4.3 Aspect Ratio and Solubility
To preserve the aspect ratio while improving solubility, the solubilizing groups had to
be strategically placed. The most effective place to add steric bulk for solubility is at the bay
positions in the PBI core as in LumR (sol. = 6.66 mg/mL). This maximizes the disruption of
π-π stacking thereby preventing the formation of H-type and J-type aggregates (Figure 4.2).56

Figure 4.2. Depiction of H and J-type aggregates.56

However, placing bulky groups here causes a decrease in the aspect ratio and a
precipitous drop in order parameter as evidenced by comparison between LumR and its nonbay substituted counterpart LumO (Table 4.1).

Table 4.1. Comparison between LumO and LumR.

LumR
O

N

O

O
O

O
O

O

N

LumO

O

6.66

Sol. (mg/mL)

0.78

1.92

Aspect Ratio

2.64

0.04

Order Parameter

0.22
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Tetrasubstitution with phenoxy functional groups in the bay region causes a drop in
the aspect ratio from 2.64 to 1.92. This roughly 30 percent drop in AR virtually eliminates
any degree of order as it decreases from 0.22 in LumO to a near isotropic degree of order in
LumR at 0.04.
To avoid this drop in order parameter at the expense of solubility we instead added
the steric bulk at the imide nitrogens by condensing PBA with ortho-alkylated anilines.
Using this strategy allowed the addition of steric bulk close enough to the perylene core to
inhibit the formation of aggregates while providing a synthetic handle at the para-position
for further elongation of the long axis (Chapter 2). An additional benefit of mounting
structures for solubility and alignment on aniline is that its aromatic structure extends the
rigid portion of the long axis. This not only increases the effective aspect ratio but with the
addition of the ortho-iPr groups, rotation about the N-phenyl bond is restricted by the
adjacent carbonyls, thereby locking the solubilizing groups in the optimal position.

Figure 4.3. Spartan image of the near orthongal positioning of the D8 tail in
relation to the PBI core.

Figure 4.3 is an illustration of the preferred orientation of the substituted aniline moiety after
a Hartree-Fock minimization in the molecular modeling program Spartan. For clarity, both
the para-alkyl chain and the other half of the D8 molecule have been omitted. Shown in grey
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are carbon atoms, red and purple represent the carbonyl oxygens and the nitrogen atoms,
respectively. A molecular dynamics simulation using the molecular mechanics force field at
350 K showed there was no rotation, suggesting that the energy barrier for that process is
above what it would face in a normal environment.

4.4 Solubility Results
The results from the solubility measurements show virtually no correlation between
aspect ratio or order parameter and solubility. The original hypothesis was that both aspect
ratio and order parameter, which are proportional to one another, would be inversely related
to solubility. One explanation for this is the aspect ratio and order parameter may depend
more on the global morphology such as a molecules rod-like character, but solubility is based
on specific intermolecular interactions that can change very rapidly on modular molecules
such as the PBIs in this study. Presented in Table 4.2 below is a tabulation of all the dyes in
this study measured by their order parameters, aspect ratios, solubility, and number of steric
groups.

Table 4.2. The structure, solubility, order parameter, aspect ratio and
sterics of all the dyes characterized in this study.

Perylene Dye
O

PBI-C8

4hexyl

C8H17 N

C6H13

Sol.
(mg/mL of LC)

P2

AR

Sterics

0.14

0.62

4.56

0

0.10

0.68

5.25

0

O
N C8H17

O

O

O

O

N

N

O

O

C6H13
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Table 4.2. Continued.

Perylene Dye

Sol.
(mg/mL of LC)

P2

AR

Sterics

6.66

0.04

1.92

8

0.78

0.13

2.68

4

0.11

0.22

2.64

4

0.27

0.32

4.73

4

0.86

0.65

5.83

2

27.66

0.48

4.73

3

O O

LumR

O

O

N

N

O

O
O O

O O
O

O

C8H17 N

LR-C8

N C8H17

O

O
O O

LumO

O

O

N

N

O

O

O

G8

D8

C8H17

C8H17

N

N

O

O

O

O

N

N

O

O

O

D8-G8

C8H17

O
C8H17

C8H17

O

N

N

O

O

C8H17
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Table 4.2. Continued.

Sol.
(mg/mL of LC)

Perylene Dye

G8-4hexyl

D8-4hexyl

C6H13

C6H13

O

O

N

N

O

O

O

O

N

N

O

O

O

DIA-C8
D8-C8

G8-C8

C8H17

C8H17

P2

AR

Sterics

7.7

0.56

4.53

2

3.3

0.66

5.6

1

3.77

0.54

3.19

2

1.04

0.63

5.0

1

0.25

0.47

4.05

2

O

C8H17 N

N

O

O

O

O

C8H17 N

N

O

O

O

O

C8H17 N

N

O

O

C8H17

C8H17

Besides the LumR outlier, what is readily apparent from inspection of Table 4.2 is that
solubility is increased among the asymmetric dyes G8-4hexyl, D8-4hexyl, D8-G8, and DIAC8. Additionally, there seems to be some correlation between the number of steric groups,
whether iPr of phenoxy, and solubility of the dye in the LC matrix (Figure 4.4).
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Figure 4.4. Illustration of all the dyes in the solubility study graphed
as solubility in 5CB versus sterics.

Figure 4.4 illustrates the solubility dependence on steric hindrance. As the number of bulky
groups increased from 0 to 8, the solubility in 5CB gradually rose from 0.10 mg/mL to 7.7
mg/mL before spiking to 27.7 mg/mL. After the spike in solubility at 3 steric groups, the
solubility fell to ~ 0.5 mg/mL and 6.7 mg/mL at 4 and 8 steric groups, respectively. Although
some relationship is apparent between sterics and solubility, there is too much variance
among the different steric groups due to the modularity of how the library was built.
Therefore to gain a better understanding of the steric/solubility relationship, the study must
be broken down into smaller families.
The most interesting subset to study in this manner is the homologus series of dyes
that all contain a para-substituted aniline on each end of the molecule. In this series of 6 dyes
the solubility can be clearly seen to steadily rise from 0 to 3 steric groups before plummeting
as it reaches the maximum of 4 (Figure 4.5).
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Figure 4.5. Depiction of the homologous series of dyes all
bearing a para-substituted aniline on each end of the PBI core
graphed as solubility in 5CB versus sterics.

Figure 4.5 depicts a gradual increase in solubility among the homologous series of dyes.
Again the outlier among this group is D8-G8. The value expected is either 10 mg/mL
following the initial linear trend of the graph or around 5 mg/mL assuming that G8-4hexyl is
the peak at 7.7 mg/mL. Despite this anomaly, there is still a large uptick in solubility among
the asymmetric derivatives in comparison to their symmetric counterparts 4hexyl, G8, and
D8. This may be due to the asymmetry favoring some long distance antiparallel stacking
arrangement within the matrix or the dyes having liquid crystalline properties themselves.
To understand the trend among the symmetric dyes it helps to expand the series to
include PBI-C8, LumO, and LR-C8. Among the symmetric dyes, the trend can be understood
as a competition between the two types of aggregates that can be formed that limit solubility
and access to the PBI core by LC molecules that enhance solubility.
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Figure 4.6. Depiction of the symmetric dyes graphed as solubility vs sterics.

On the low end of the sterics spectrum (Fig. 4.6) are the dyes PBI-C8 and 4-hexyl with
solubilities of 0.14 and 0.10 mg/mL, respectively. For these flat molecules with no steric
groups to block the PBI core, both H-type and J-type aggregates are favored over interactions
with the LC matrix. 4-hexyl may be slightly lower than PBI-C8 due to the additional
aromatic rings available for π-π stacking (Figure 4.7).
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Figure 4.7. Depiction constructed in Spartan of π−π stacking among 4-hexyl
LumO derivatives shown from the side and top views, respectively.

At nearly a full order of magnitude higher solubility is the dye D8 with a solubility of
0.86 mg/mL. This dye is able to inhibit the formation of both H and J-type aggregates if its
iPr groups lie on opposite faces of the molecular plane or allow both to some extent if the iPr
groups are cofacial. A depiction of the opposite face scenario is shown in Figure 4.8.

Figure 4.8. Illustration constructed in Spartan of the close interaction
possible between the LC matrix and the D8 molecules.
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This figure illustrates how the antifacial iPr group arrangement could theoretically allow
access to the core by LC molecules while simultaneously inhibiting the formation of both
types of aggregates.
Within the group of symmetric dyes having 4 steric groups are two distinctly different
scenarios. In the case of LR-C8 with a solubility of 0.78 mg/mL, virtually no π-π stacking
can occur between the PBI cores of adjacent dye molecules. However, there is also very
limited interaction between its core and the LC matrix. This causes most of the dye
molecules to be excluded from the bulk matrix, but without the cooperative and
thermodynamically favorable interaction of π-π stacking the formation of dye clusters is not
as probable.59
In the second scenario involving LumO and its more alignable derivative G8 with
solubilities of 0.27 and 0.11 mg/mL, respectively, the trade-off between access to the core by
LC molecules and exclusion of other dye molecules once again plays an important role.
Figure 4.9 depicts both of these interactions by illustrating how access to the PBI core is
limited for both LC and dye molecules.

Figure 4.9. Depicition contructed in
Spartan of how the 4 steric groups of
G8 deny core access to both the LC
matrix and other G8 molecules.
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Additionally, the small yet noticeable difference in the solubility between G8 and LumO can
be ascribed to G8’s increase in rod-like character as it also has a slightly higher order
parameter of 0.32 compared to 0.22 or simply having an alkyl chain capable of interdigitizing
with the surrounding 5CB molecules.
In conclusion, of all the dyes examined in the solubility study there was not very
much information to be gleaned in terms of the relationship between aspect ratio or order
parameter and solubility. The most important factor it seems is simply the number of steric
groups and their asymmetric placement in proximity to the PBI core. Without a more
rigorous metric it is difficult to determine exactly why this is the case.
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Chapter 5.

Summary
The dyes synthesized in this study were used to glean valuable information on the
viability of producing more efficient LSCs through the use of alignable fluorophores. The
perylene dyes provide a good scaffold to build upon due to their favorable intrinsic
properties, such as photostability, quantum yield, and dichroic ratio. Using these molecules
as a starting point we have demonstrated a modular synthetic route for dyes with order
parameters nearing 0.70. However, because of solubility limitations and a small Stokes shift,
the gains in efficiency due to alignment are contrasted by a small probability of initial photon
absorption and/or a large probability of subsequent reabsorption losses (see Figure 3.9).

Future Work
Recent work has focused on engineering a better Stokes shift into the perylene
molecule. As mentioned in section 1.4, a dye’s Stokes shift is determined by the difference
between a molecule’s ground and excited state geometries. Because the PBI core is
completely rigid and there is a node that exists at the imide nitrogens, functionalization
outside of the bay region has no effect on the Stokes shift. However, studies by Langhals et
al, have demonstrated perylene monoimides (PMIs) having auxillary groups in the peri
position can exhibit large stokes shifts (Figure 5.1).60
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Figure 5.1. A ChemDraw of the Long Stokes Shift Dye N-(2,6-diisopropyl-4-

octylphenyl)-9-phenyl-3,4-perylenedicarboximide).

PMIs

such

as

N-(2,6-diisopropyl-4-octylphenyl)-9-phenyl-3,4-perylenedicarboximide)

(Figure 5.1) have been synthesized and characterized. As predicted they exhibited a large
stokes shift upwards of 43 nm and good alignment (P2 = 0.65) considering their poor aspect
ratios in the excited state, but these gains came with a cost. The greater difference in ground
and excited state geometry in PMIs also causes a smaller orbital overlap between these two
states which leads to a lower FQY of 0.77.
A separate approach to achieving a longer Stokes shift, involves work that is currently
under investigation. Instead of breaking the rigidity of the PBI core, this approach utilizes a
donor-acceptor system to achieve an intramolecular charge transfer (ICT). Using the node to
our advantage and the imides proximity to the PBI core, the goal is to absorb high energy
photons at the metal-ligand moiety and release a photon of much lower energy via the PBI
acceptor as shown in Figure 5.2.
Figure 5.2. A ChemDraw structure of
the ICT Dye N-(2,6-diisopropyl)-3,4-

N
O

O

perylenedicarboximide-N-(2’-2bipyridyl)-9,10-dicarboximide
showing a metal coordinated in the
bipyridyl binding pocket.

N
N

N

O

O
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PBIs employed as the acceptors in D-A systems have been published frequently over the
past decade and used in biological systems as fluorescent tags and sensors.61,62,63 The high
FQY of the PBI core lends itself to such applications provided that the charge transfer
process is favorable enough to maintain a high overall quantum efficiency.
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Chapter 6. Experimental

6.1 Instrumentation
Chemicals used were purchased from Sigma Aldrich and used without further
purification. Column chromatography was performed on silica gel (mesh size 50-63 µm). 1H
and 13C NMR spectra were acquired with a Varian Inova 500 MHz instrument using CDCl3
(Aldrich, 99.8 atom % D). NMR spectra were recorded at 20 °C, and the chemical shifts were
assigned in ppm using TMS δ(0.00) and CDCl3 δ(77.7) as a reference, for 1H and 13C NMR
experiments, respectively. FT-IR measurements were recorded with a Nicolet iS10 equipped
with an ATR attachment. Absorption spectra were collected with a Jasco V-670 UV/Vis
spectrometer with HPLC grade solvents used without further purification. Emission data
were acquired on a PTi Fluorometer with slit widths of 1 mm. Electrospray ionization (ESI)
mass spectra were obtained with an API-4000 triple-quadrupole spectrometer using a 0.1%
solution of formic acid in methanol along with 1-5% dichloromethane to keep the dye from
precipitating. POM was performed on an Olympus BX51 microscope. Molecular modeling
was performed with Spartan V. 5 with a Hartree-Fock approximation. Molecular dynamics
studies were computed in HyperChem with a Hartree-Fock approximation, mm+ force fields,
and periodic boundary conditions in three dimensions.

6.2 Fabrication of Liquid Crystal Cells
LC cells for measuring order parameters were fabricated from two slides (25 x 50 x 1
mm) of indium tin oxide (ITO) coated glass, polyethylene shims, polyimide, and optical
adhesive. The ITO glass slides were cleaned by sonication in solutions of dichloromethane,
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ethanol, and isopropanol for 30 minutes each. After drying in a particle-free clean hood with
filtered air, the ITO coated side was identified using a multimeter and electrodes. Next, the
slides were spin coated with 100 nm thick layers of polyimide at 4000 rpm for 30 seconds.
The polyimide solution was prepared using polyimide 2556 and T9039 varnish from HD
microsystems in a ratio of 1:5 (v/v) and allowed to sit in the freezer overnight. The spin
coated slides were placed in the oven to cure. The curing process involves an oven preheated
to 130 °C. The temperature program held the temperature at 130 °C for 15 minutes before
heating at 5 °C/min to 250 °C and holding for another 30 minutes. Following the curing
cycle, the slides were removed and set aside in preparation for the polyimide rub. The rub
created parallel grooves in the polymer surface that acted as a scaffold for directing planar
alignment. The pressure of the rub was kept constant by inserting each slide into the rubbing
apparatus as shown below (Figure 6.1).

Figure 6.1. A schematic of the rubbing apparatus fabricated from a glass cutter. The
maroon rectangle represents the velvet cloth mounted on rails. The small blue rectangle
represents the polyimide coated ITO glass located on moveable platform.
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The modified glass cutter had the blade removed and replaced with a piece of velvet cloth.
Half of the slides were rubbed 10 times in one direction while the remaining slides are
rubbed in the opposite direction. During fabrication this causes an anti-parallel arrangement
as shown below.

Figure 6.2. A depiction of the two glass slides prior to being clamped. The red arrows
indicate the rub direction on the opposite face of the glass. The green rectangles
represent the shims used to keep the rubbed faces apart.

Next, the slides were assembled in an anti-parallel fashion with a ~ 20% offset widthwise and
held apart with 25 µm shims from Artus. After holding them in place with paper clamps, they
were checked again with a multimeter. With the ITO sides facing one another, if there was
contact between the two faces there would be a resistance reading across the two slides
indicating that the shims are improperly placed. Finally, the overhang was brushed with
Norland optical adhesive and cured under UV light (365 nm) for 30 minutes in an N2
atmosphere. Once the adhesive hardened, the excess polyimide and adhesive were removed
with a razor blade, exposing ITO for electrode attachment.
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6.3 Order Parameter Calculations
Calculating an order parameter required filling the LC cells with the proper
concentration of a dye/LC solution and a final check of quality by POM and the multimeter.
First, using a saturated dye/LC solution prepared in the solubility tests, a mock LC cell (made
of regular microscope slides) of the same thickness was filled and tested for absorption in the
UV/Vis. The solution was diluted until the maximum fell below 1.0 absorption units. Next,
an ITO LC cell was filled using capillary action and the cell was sealed on its remaining open
ends with additional optical adhesive. For quality control, each cell was heated past its
isotropic state on a POM stage and examined to ensure there were no irregular domains due
to defects in the polyimide rub. Next, the electrodes were attached and the completed circuit
was confirmed using the multimeter.
For planar alignment calculations a domain possessing a good dichroic ratio was
identified with the help of the rotating stage on the POM and marked with a Sharpie. This
section was then mounted on the apparatus shown in Figure 3.12 such that the sample beam
passes through it. The sample is originally mounted as close to vertical as possible. However,
to ensure the absorption dipole of the embedded dye was parallel, measurements were made
10 degrees clockwise and counterclockwise with respect to vertical in 2 degree increments to
find the max absorption before rotating the stage 90 degrees to find the minimum absorption.
Homeotropic measurements required the use of an amplifier and function generator.
The function generator was set to give a sinusoidal output using a 1 kHz refresh rate with a
total power output of 600 W when coupled to the amp. During sample acquisition the cell
had to be carefully monitored to make sure the increased resistance did not lead to an
isotropic transition. This process was clearly evident as the LC cell changed from a
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translucent to a transparent state. After acquiring three measurements on the homeotropically
oriented cell, the cell was heated to 50 °C to make three additional measurements in the
isotropic state.

6.4 Quantum Yield Calculations
The quantum yields of the dyes synthesized in this study were calculated using the
single point method. This method uses a compound of known FQY as a reference compound
to calculate the FQY of the unknown (Eq. 1).64

𝑸 = 𝑸𝑹

𝑰 𝑶𝑫𝑹 𝒏𝟐
𝑰𝑹 𝑶𝑫 𝒏𝟐𝑹

(1)

In equation 1: QR represents the FQY of the reference compound, I is the integrated
fluorescence intensity, OD is the optical density (absorbance) at the excitation wavelength
and n is the refractive index of the solvent. For the two classes of compounds studied, LumO
and LumR derivatives, the parent compound from BASF was used as the reference. Each
measurement was taken in chloroform with optical densities less than 0.2 to ensure that there
was no fluorescence quenching due to aggregation.

6.5 Solubility Calculations
The solubility of the dyes in the LC matrix 5CB was determined by using Beer’s Law
and the extinction coefficient determined through quantum yield measurements in
chloroform. This calculation assumes no contribution from the small amount of LC present.
Additionally because the dye is virtually insoluble in toluene and PBIs are known for their
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low solvatochromism it is also assumed that there is no change in the molar absorptivity from
chloroform to toluene. Determination of the dye’s solubility begins with the addition of ~10
mg of dye to 1 g of LC solution (density = 1.008 g/mL).
After a sonication, centrifugation, and filtration to obtain a saturated solution, 250 µL
were removed and added to 10 mL volumetric flask that is then brought to mark with
toluene. An absorption spectrum was acquired and the solution is diluted using an autopipet
and volumetric glassware until the absorbance was below 1.0. After obtaining an acceptable
absorbance value, the concentration was calculated by a rearrangement of Beer’s law with
the extinction coefficients calculated in chloroform with ε equal to 50,000 and 100,000 for
LumR and LumO derivatives, respectively (Eq. 4 and Eq. 5).

𝑨 = 𝜺𝒃𝒄
𝑨

𝑳
∙ 𝒄𝒎
𝒎𝒐𝒍 ∙ 𝒄𝒎

=𝒄

(4)

(5)

The concentration of dye in the original saturated LC solution was then determined by taking
the product of the Beer’s law concentration (C), the dilution factor (DF), the toluene (L), and
converting it into grams using the specific dyes molecular weight (MW) (e q. 6).

(𝑪 ∙ 𝑫𝑭 ∙ 𝟎. 𝟎𝟏𝟎 𝑳) ∙ 𝑴𝑾 = 𝒈 𝒐𝒇 𝒅𝒚𝒆 𝒊𝒏 𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒆𝒅 𝑳𝑪 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏
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(6)

6.6 Experimental Procedures
PBI-C8 (1). In a 50 mL round-bottom flask equipped with a stir bar, zinc acetate dihydrate
(560 mg, 2.6 mmol) and perylene-3,4:9,10-tetracarboxylicanhydride (PBA) (1.0 g, 2.5 mmol)
was added to 20 g of molten imidazole at 110 °C. After a homogeneous solution was
achieved, n-octylamine (1 mL, 6 mmol) was added drop-wise to the reaction mixture. The
reaction mixture was then put under a N2 atmosphere before being slowly heated to 180 °C
and stirred for 16 h. After being cooled to 110 °C, the reaction was quenched with 30 mL of
2M HCl before being poured into 300 mL of MeOH:HCl (2:1) and stirred overnight. After
vacuum filtration, the dark purple solid was purified by column chromatography on silica
with CH3Cl to give 1 as a red solid (1.00 g, 65.4%): 1H NMR (500 MHz, CDCl3) δ = 8.71 (d,
J = 8 Hz, 4H), 8.64 (d, J = 8 Hz, 4H), 4.21 (t, J = 8 Hz, 4H), 1.38 (t, J = 7.5 Hz, 4H), 1.451.21 (m, 20H), 0.88 (t, J = 6.5 Hz)

Tetrachloro-PBI-C8 (2). To a 250 mL round-bottom flask equipped with a stir bar, 1 (8.9 g,
14.5 mmol), iodine (279 mg, 1.1 mmol), and iodobenzene (224 mg, 1.1 mmol) was added to
11.5 mL of nitrobenzene at 85 °C. After a solution was achieved, an addition funnel
containing sulfuryl chloride (3.8 mL, 47 mmol) was attached. The sulfuryl chloride was
added drop-wise over a 2 h period before being stirred for an additional 8 h. Once the
reaction had cooled to room temperature, the solution was poured into methanol and the
precipitate was recovered via vacuum filtration as a burnt orange solid. The crude solid was
purified by column chromatography over silica gel with CH2Cl2:hexanes (55:45) to give 2 as
a bright orange solid (6.62 g, 60.7%): 1H NMR (500 MHz, CDCl3) δ = 8.59 (s, 4H), 4.10 (t, J
= 8 Hz, 4H), 1.66 (quintet, J = 7.5 Hz, 4H), 1.37-1.18 (m, 20H), 0.81 (t, J = 7 Hz, 6H)
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LR-C8 (3). To a 100 mL round bottom flask, 2 (752 mg, 1 mmol), phenol (470 mg, 5 mmol),
and potassium carbonate (345 mg, 2.5 mmol) were added to 50 mL of N-methylpyrollidone
and stirred under N2 at 80 °C. After a 24 h reaction period, the mixture was allowed to cool
to room temperature before being poured into a 200 mL solution of methanol and 10% HCl
(3:2). The resulting precipitate is then filtered, washed with MeOH/H2O (3:2) and dried
under vacuum at 100 °C. The crude solid was purified by column chromatography over silica
gel with CH2Cl2:hexanes (70:30) to give 3 as a scarlet red solid (704 mg, 71.7%): 1H NMR
(500 MHz, CDCl3) δ = 8.12 (s, 4H), 7.19 (t, J = 7 Hz, 8H), 7.04 (t, J = 7.5 Hz, 4H), 6.87 (d, J
= 9 Hz, 8H), 4.02 (t, J = 7.5 Hz, 4H), 1.58 (quintet, J = 7.5 Hz, 4H), 1.29-1.16 (m, 20H), 0.77
(t, J = 7 Hz, 6H)

2,6-diisopropyl-4-iodoaniline (4a). In a 250 mL single-necked flask, potassium carbonate
(16.5 g, 119 mmol), iodine (13.2 g, 52 mmol), and 2,6-diisopropylaniline (10.1 g, 57 mmol)
were added to 100 mL of diethyl ether. The reaction mixture was flushed with N2 and stirred
at room temperature for 16 h with the exclusion of light. After 16 h under N2, the reaction
mixture containing a dark liquid and white solid were rinsed into a separatory funnel with
diethyl ether and washed with water, 5% sodium bisulfite, and water. The organic fraction
was retained and then dried over magnesium sulfate before removing the excess solvent
under reduced pressure. The crude product was purified by column chromatography on silica
with CH2Cl2:hexanes (70:30) to give 4a (12.96 g, 85.8%): 1H NMR (500 MHz, CDCl3) δ =
7.20 (s, 2H), 2.76 (septet, J = 6.5 Hz, 2H), 1.15 (d, J = 7 Hz, 12H)
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4-iodo-2-isopropylaniline (4b). 4b was synthesized according to the methods described for
4a with 2-isopropylaniline (7.70 g, 57 mmol) to give 4b (10.32 g, 72.43%): 1H NMR (500
MHz, CDCl3) δ = 7.27 (d, J = 2 Hz, 1H), 7.17 (dd, J = 6, 2 Hz, 1H), 6.32 (d, J = 8 Hz, 1H),
3.55 (br s, 2H), 2.69 (septet, J = 7 Hz, 1H), 1.12 (d, J = 7 Hz, 6H)

2,6-diisopropyl-4-octynylanilne (5a). In a 250 mL round-bottom flask, 4a (12.05 g, 40
mmol), bis(triphenylphosphine) palladium (II) dichloride (292 mg, 416 µmol) and copper (I)
iodide (80 mg, 420 µmol) were added to 150 mL of triethylamine under N2. Then with the
exclusion of light, 1-octyne (9.42 g, 85 mmol) was added drop-wise to the reaction mixture
over a 2 h period. Following a 20 h reaction period under N2, the copper chloride salt was
separated from the reaction mixture via vacuum filtration. Next, the dark brown filtrate was
reduced to a brown oil via rotatory evaporation. The crude product was purified by column
chromatography on silica with CH2Cl2:hexanes (70:30) to give 5a (7.35 g, 61.9%): 1H NMR
(500 MHz, CDCl3) δ = 7.01 (s, 2H), 3.72 (br s, 2H), 2.69 (septet, J = 7 Hz, 2H), 2.31 (t, J =
7.5 Hz, 2H), 1.52 (quintet, J = 7.5 Hz, 2H), 1.37 (m, 2H), 1.24 (m, 4H), 1.16 (d, J = 7 Hz,
12H), 0.82 (t, J = 7 Hz, 3H)

4-octynyl-2-isopropylaniline (5b). 5b was synthesized according to the methods described
for 5a with 4b (10.32 g, 40 mmol) to give 5b (8.49 g, 86.9%): 1H NMR (500 MHz, CDCl3) δ
= 7.10 (d, J = 2 Hz, 1H), 6.98 (dd, J = 8.5, 2 Hz, 1H), 6.46 (d, J = 8 Hz, 1H), 3.62 (s, 2H),
2.73 (septet, J = 7 Hz, 1H), 2.30 (t, J = 7.5 Hz, 2H), 1.50 (quintet, J = 7.5 Hz, 2H), 1.36
(quintet, J = 5 Hz, 2H), 1.24 (m, 4H), 1.14 (d, J = 7 Hz, 6H) 0.82 (t, J = 7 Hz, 3H)
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2,6-diisopropyl-4-octylaniline (6a). In a 250 mL Fisher-Porter tube, 5a (10.13 g, 35 mmol)
and 500 mg of the heterogeneous catalyst 10% Pd on carbon was added to 20 mL of
MeOH:EtOAc (1:1) under N2. The reaction vessel was then pressurized to 40 psi with UHP
H2 and stirred vigorously. The reaction vessel was pressurized to 60 psi repeatedly over a 4 h
period until the consumption of H2 had ceased. Once H2 consumption had stopped, the
catalyst was removed from the reaction mixture by filtration through a bed of silica with
methanol as the eluent. The elutant was collected and the solvent was removed under reduced
pressure to give 6a as a light brown oil (9.30 g, 91.3%). 1H NMR (500 MHz, CDCl3) δ =
6.78 (s, 2H), 3.54 (br s, 2H), 2.86 (septet, J = 7 Hz, 2H), 2.44 (t, J = 8 Hz, 2H), 1.50 (m, 4H),
1.24 (m, 8H), 1.14 (d, J = 7 Hz, 12H), 0.81 (t, J = 7 Hz, 3H)

4-octyl-2-isopropylaniline (6b). 6b was synthesized according to the methods described for
6a with 5b (10.40 g, 43 mmol) to give 6b (9.37 g, 89.4%): 1H NMR (500 MHz, CDCl3) δ =
6.87 (d, J = 2 Hz, 1H), 6.76 (dd, J = 8, 2 Hz, 1H), 6.54 (d, J = 7.5 Hz, 1H), 3.46 (br s, 2H),
2.83 (septet, J = 7 Hz, 1H), 2.42 (t, J = 8 Hz, 2H), 1.48 (quintet, J = 8 Hz, 4H), 1.23 (m, 8H),
1.18 (d, J = 7 Hz, 6H), 0.81 (t, J = 7.5 Hz, 3H)
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G8 (7a). In a 50 mL round-bottom flask equipped with a stir bar, zinc acetate dihydrate (560
mg, 2.6 mmol) and perylene-3,4:9,10-tetracarboxylicanhydride (PBA) (1.0 g, 2.5 mmol) was
added to 20 g of molten imidazole at 110 °C. After a homogeneous solution was achieved, 6a
(7.37 g, 26 mmol) was added drop-wise to the reaction mixture. The reaction mixture was
then put under a N2 atmosphere before being slowly ramped to 180 °C and left to stir for 16
h. After being cooled to 110 °C, the reaction was quenched with 30 mL of 2M HCl before
being poured into 300 mL of MeOH:HCl (2:1) and left to stir overnight. After vacuum
filtration, the dark purple solid was purified by column chromatography on silica with
CH2Cl2:EtOAc (20:1) to give 7a as a red solid (314 mg, 31.4%): 1H NMR (500 MHz,
CDCl3) δ = 8.72 (d, J = 8 Hz, 4H), 8.67 (d, J = 7.5 Hz, 4H), 7.08 (s, 4H), 2.63 (m, 4H), 1.64
(m, 4H), 1.36-1.24 (m, 10H), 1.11 (d, J = 7 Hz, 20H), 0.84 (t, J = 6.5 Hz, 6H)

D8 (7b). 7b was synthesized according to the methods described for 7a with 6b (6.30 g, 26
mmol) to give 7b (353 mg, 35.3%): 1H NMR (500 MHz, CDCl3) δ = 8.70 (d, J = 8.5 Hz, 4H),
8.64 (d, J = 8 Hz, 4H), 7.19 (s, 2H), 7.12 (d, J = 8 Hz, 2H), 7.02 (d, J = 8 Hz, 2H), 2.72
(septet, J = 6.5 Hz, 2H), 2.63 (t, J = 8 Hz, 4H), 1.63 (quintet, J = 7.5 Hz, 4H), 1.35-1.23 (m,
20H), 1.13 (d, J = 7 Hz, 12H), 0.83 (t, J = 5 Hz, 6H)
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PTE (8). In a 250 mL round-bottom flask, potassium hydroxide (6.0 g, 107 mmol) was
added to 100 mL of deionized H2O. After the potassium hydroxide had dissolved, PBA (8.0
g, 20 mmol) was added before being slowly heated to 70 °C under stirring. After 30 m, the
dark red mixture was titrated to a pH of 8-9 (below 7 and desired product will precipitate as
well) with 1M HCl before filtering and adding to a 300 mL round-bottom. Next, aliquat 336
(2.47 g, 6 mmol) and potassium iodide (677 mg, 4 mmol) was added. After stirring for 10 m,
n-bromodecane (36.1 g, 163 mmol) was added and the reaction mixture was refluxed for 2 h.
After cooling to room temperature, the desired product was extracted with CH2Cl2, washed
with brine, and then precipitated drop-wise in 600 mL of methanol yielding a bright orange
precipitate. Following vacuum filtration, the bright orange solid was dried under vacuum for
several hours to give 8 (16.5 g, 58.8%).

PMA-DE (9). In a 50 mL round-bottom flask equipped with a stir bar, dodecane (9.36 mL,
41 mmol) and toluene (1.39 mL, 13 mmol) were added and the reaction was slowly heated to
85 °C. Then 8 (3.86 g, 4 mmol) was dissolved followed by the addition of p-toluenesulfonic
acid monohydrate (742 mg, 4 mmol) before being heated to 95 °C and stirred for 5 h. After
cooling the reaction mixture to room temperature the bright red gel that remained was
dissolved in boiling CH2Cl2, before being cooled again and precipitated with methanol. The
crude product was then recovered following centrifugation and drying under vacuum
overnight. The crude was carried on to the next step without further purification, however, a
small amount was purified by column chromatography on silica with CH2Cl2: EtOAc (20:1)
to give 9 (22 mg, 61.1%).
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C8-DE (10a). In a 50 mL round-bottom flask equipped with a stir bar, 9 (4.9 g, 7 mmol) was
added to 22.5 g of molten imidazole at 110 °C. n-octylamine (1.6 g, 12 mmol) was then
added drop-wise to the reaction mixture before being slowly heated to 130 °C and stirred
under N2 for 3 h. After cooling to 110 °C, the dark red solution was quenched with 30 mL of
deionized H2O and stirred vigorously for 10 m. Next, the reaction mixture was poured into
100 mL of deionized water and stirred for an additional 2 h before recovering a brick red
solid via vacuum filtration. Following a light rinse with hexanes, the crude product was
purified by column chromatography on silica with CH2Cl2: EtOAc (20:1) to give 10a (3.90
mg, 67.1%): 1H NMR (500 MHz, CDCl3) δ = 8.61 (d, J = 8.1 Hz, 2H), 8.47 (d, J = 8.5 Hz,
2H), 8.45 (d, J = 8 Hz, 2H), 8.11 (d, J = 7.5 Hz, 2H), 4.34 (t, J = 7 Hz, 4H), 4.20 (t, J = 8 Hz,
2H), 1.79 (m, 6H), 1.45 (quintet, J = 7.5 Hz, 2H), 1.37-1.27 (m, 40H), 0.87 (m, 9H)

G8-DE (10b). 10b was synthesized according to the methods described for 10a with 4hexylaniline (2.2 g, 12 mmol) to give 10b: 1H NMR (500 MHz, CDCl3) δ = 8.79 (d, J = 7.5
Hz, 4H), 8.74 (d, J = 8.5 Hz, 4H), 7.15 (s, 2H), 2.74-2.67 (m, 4H), 1.71 (quintet, J = 8 Hz,
2H), 1.44-1.31 (m, 10H), 1.18 (d, J = 6.5 Hz, 12H), 0.91 (t, J = 7 Hz, 3H)
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C8-MA (11a). To a 250 mL round-bottom flask equipped with a stir bar, 100 mL of toluene
was added and brought to 80 °C. Next, 10a (890 mg, 1 mmol) was added along with ptoluenesulfonic acid monohydrate (1.19 g, 6 mmol) and the reaction mixture was slowly
heated to 100 °C, capped with a rubber septa and stirred under N2 for 2 h. After cooling to
room temperature, the solvent was removed via rotary evaporation yielding a purple solid.
Following a trituration in hexanes the crude product was used without characterization.

G8-MA (11b). 11b was synthesized according to the methods described for 11a with 10b
(850 mg, 1 mmol) to give 11b as a dull red solid.

C8-DIA (12a). In a 50 mL round bottom equipped with a stir bar, zinc acetate dihydrate (250
mg, 1 mmol) and 11a (1.0 g, 2 mmol) were added to 20 g of molten imidazole at 110 °C.
Once the reaction mixture had become homogeneous, 2,6-diisopropylaniline (1.0 g, 6 mmol)
was added drop-wise before the temperature was slowly heated to 180 °C and stirred under
N2 for 16 h. After cooling to room temperature, the reaction was quenched with 30 mL of 1M
HCl and vigorously stirred for 10 m before being added to 300 mL of MeOH:HCl (2:1) and
stirred for an additional 2 h. Next, the mixture was vacuum filtered and rinsed with methanol
to yield a dull red solid. The crude product was then purified by column chromatography on
silica with CH2Cl2: EtOAc (20:1) to give 12a (352 mg, 35.2%): 1H NMR (500 MHz, CDCl3)
δ = 8.69 (d, J = 8.5 Hz, XH), 8.60 (q, J = 3.5 Hz, XH), 8.56 (d, J = 8.5 Hz, XH), 7.44 (t, J =
7.5 Hz, XH), 7.29 (d, J = 8 Hz, XH), 4.13 (t, J = 7.5 Hz, 2H), 2.70 (septet, J = 6.5 Hz, 2H),
1.69 (quintet, J = 7.5 Hz, 2H), 1.38-1.20 (m, 10H), 1.12 (d, J = 7 Hz, 12H), 0.81 (t, J = 7 Hz,
3H)
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C8-G8 (12b). 12b was synthesized according to the methods described for 12a with 6a (1.73
g, 6 mmol) to give 12b as a dull red solid: 1H NMR (500 MHz, CDCl3) δ = 8.73 (d, J = 8 Hz,
2H), 8.54 (d, J = 8.5 Hz, 2H), 8.50 (d, J = 7.5 Hz, 2H), 8.45 (d, J = 8 Hz, 2H), 7.17 (s, 2H),
4.15 (t, J = 8 Hz, 2H), 2.81 (septet, J = 7 Hz, 2H), 2.70 (t, J = 8 Hz, 2H), 1.72 (m, 4H), 1.451.28 (m, 20H), 1.21 (d, J = 6.5 Hz, 12H), 0.92 (t, J = 6.5 Hz, 3H), 0.88 (t, 6.5 Hz, 3H)

C8-D8 (12c). 12c was synthesized according to the methods described for 12a with 6b (1.49
g, 6 mmol) to give 12c as a dull red solid: 1H NMR (500 MHz, CDCl3) δ = 8.66 (d, J = 8 Hz,
2H), 8.58 (t, J = 7.5 Hz, 1H), 8.53 (t, J = 6.5 Hz, 1H), 7.25 (d, J = 2 Hz, 1H), 7.13 (dd, J = 7.5,
2 Hz, 1H), 7.06 (d, J = 8 Hz, 1H), 4.13 (t, J = 7.5 Hz, 2H), 2.73 (septet, J = 7 Hz, 1H), 2.63 (t,
J = 8 Hz, 2H), 1.70-1.48 (m, 4H), 1.39-1.19 (m, 20H), 1.13 (d, J = 7 Hz, 6H), 0.82 (m, 6H)

4hexyl-G8 (12d). 12d was synthesized according to the methods described for 12a with 11b
(1.1 g, 2 mmol) and 6a (1.73 g, 6 mmol) of to give 12d as a dull red solid.

4hexyl-D8 (12e). 12e was synthesized according to the methods described for 12a with 1.1 g
(2 mmol) of 11b and 1.49 g (6 mmol) of 6b to give 12e as a dull red solid: 1H NMR (500
MHz, CDCl3) δ = 8.70 (dd, J = 7.5, 1.6 Hz, 4H), 8.64 (d, J = 8.5 Hz, 4H), 7.32 (d, J = 8.5 Hz,
2H), 7.25 (d, J = 2 Hz, 1H), 7.18 (d, J = 6.5 Hz, 2H), 7.12 (dd, J = 5, 2 Hz, 1H), 7.03 (d, J =
8.5 Hz, 1H), 2.71 (septet, J = 6.5 Hz, 1H), 2.64 (q, J = 8 Hz, 2H), 1.63 (quintet, J = 8 Hz, 2H),
1.35-1.18 (m, 20H), 1.13 (d, J = 6.5 Hz, 6H), 0.84 (m, 6H)
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D8-G8 (12f). 12f was synthesized according to the methods described for 12a with 1.25 g (2
mmol) of D8-MA and 1.73 g (6 mmol) of 6a to give 12f as a dull red solid: 1H NMR (500
MHz, CDCl3) δ = 8.78 (dd, J = 7.7, 3.5 Hz, 4H), 8.74 (d, J = 8 Hz, 4H), 7.32 (s, 1H), 7.19 (d,
J = 6.5 Hz, 1H), 7.15 (s, 2H), 7.09 (d, J = 7.5 Hz, 1H), 2.79 (septet, J = 7 Hz, 1H), 2.70
(septet, J = 8 Hz, 2H), 1.71 (quintet, J = 8 Hz, 2H), 1.42-1.25 (m, 24H), 1.21 (d, J = 6.5 Hz,
6H), 1.17 (d, J = 6.5 Hz, 12H), 0.91 (m, 6H)
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Supporting Information
(500 MHz) 1H NMR of PBI-C8.
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(500 MHz) 1H NMR of TetraChloro-PBI-C8.
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(500 MHz) 1H NMR of LR-C8.
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(500 MHz) 1H NMR of G8.
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(500 MHz) 1H NMR of D8.
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(500 MHz) 1H NMR of G8-C8.
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(500 MHz) 1H NMR of D8-C8.
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(500 MHz) 1H NMR of DIA-C8.
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(500 MHz) 1H NMR of G8-4hexyl.

C6H13

O

N

O

12d

O

N

O

C8H17

126

(500 MHz) 1H NMR of D8-4hexyl.
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(500 MHz) 1H NMR of D8-G8.
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